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ABSTRACT 
 
 Next generation wireless devices will be required to support a wide variety of 
commercial standards and operate over a wide range of frequency bands. Two examples that 
are already receiving a lot of attention are software-defined and cognitive radios. Therefore, 
components that are capable of operating over ultra-wide frequency ranges are required. 
Quadrature oscillators are a major component in any communication system.  They are often 
needed in RF transceivers to support spectrally efficient modulation techniques.  Furthermore, 
modern telecommunication standards require very low phase noise oscillators and because of 
their outstanding noise performance, LC-oscillators, are a popular choice. Hence, a lot of effort 
has been invested in studying and improving the figure of merit (FOM) of wide tuning range 
LC-Quadrature voltage controlled oscillators (QVCO).  So far this effort has been primarily 
focused on three areas, expanding the tuning range, improving phase noise performance, and 
reducing the power consumption.  Although many techniques have been proposed and used 
successfully in the literature, a lot of them lack sufficient theoretical analysis.  
 First, the recently proposed, inductive current tuning methodology for expanding the 
tuning range of QVCO beyond capacitive tuning only is fully analyzed. In addition, a new low 
phase noise architecture that employs current tuning technique is proposed. The phase noise, 
tuning range and power consumption of two existing architectures and the proposed one are 
compared.  The three designs are simulated and their FOMs are calculated and compared to 
identify the highest FOM architecture. 
 Next, a popular architecture that is being utilized in the recent literature for the purpose 
of improving phase noise and expanding the tuning range, the transformer-based (T-based) 
xi 
 
 
oscillator, is analyzed.  Linear time variant analysis is used to derive a new 1/f2 phase noise 
expression for the T-based oscillators that is distinct from the commonly used expression for 
the inductor-based (L-based) oscillators.  The new analysis allows for new techniques to 
optimize the FOM of T-based oscillators through improving the phase noise performance.  An 
oscillator that is implemented in a commercially available 130 nm technology is used to 
demonstrate these techniques.   
 Finally, the FOM of an optimized QVCO that combines the use of transformer and 
inductive current tuning is compared to an inductively tuned L-based QVCO.  In addition to 
the higher FOM, T-based QVCO proves to be more stable than L-based QVCO.  A full analysis 
of stability and tuning range of both oscillators is presented and verified through simulations 
using inductor models extracted using ADS momentum.  
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CHAPTER 1. INTRODUCTION 
1.1 Motivation 
According to the Federal Communication Commission (FCC), the problem of frequency 
spectrum crowdedness in the US emerges from the inefficient use of the available spectrum and 
not a physical shortage in the frequency spectrum [1].  For example, the FCC reports that after 
testing the frequency range from 300 MHz to 1 GHz in selected cities, results indicate that while 
the higher frequencies used by TV broadcasting and cellular base stations are continuously 
occupied, the lower frequencies such as those used by land mobile radios in systems like 
emergency first responders, are underused [1].  Nowadays, with the advent of smart phones, the 
number of devices occupying and making use of cellular networks is rapidly increasing.  Thus, the 
demand for additional frequency bands and channels is also increasing.  For example, the two 
prominent communications systems in the US, the Global System for Mobile communication 
(GSM) and Code Division Multiple Access (CDMA) are operating in the frequency ranges 800, 
850, 1700, 1900, and 2100 MHz.  With the emergence of 4G technology, extra frequency bands 
were needed to support it, hence, the 700 and 2500 MHz bands were added to cellular networks.  
While cellular networks are continually looking for additional frequency bands to cover their 
growing needs, other frequency spectrums such as the ones reserved for military, amateur radio 
and paging purposes are underused [2].  As a result of the inefficient utilization of the available 
spectrum, the cost of the scarce frequency bands is increasing rapidly.  For instance, in the 2008 
US wireless spectrum auction, a range of only 62 MHz at the 700 MHz frequency range was sold 
for about 19.6 billion dollars, with AT&T Mobility and Verizon Wireless (two major cell phone 
companies) accounting for about 16.3 billion dollars.  One promising solution for the inefficient 
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use of the spectrum that has gained popularity in the last decade is dynamic spectrum access 
through cognitive radio implementation.   
Cognitive radios allow for opportunistic access to a secondary user, one who is not 
primarily assigned or licensed to use the frequency band.  Devices equipped with cognitive radios 
should be able to continuously scan a wide range of frequencies and identify unused spots in the 
spectrum.  Once the primary user starts using the space again, the secondary user’s device must 
quickly switch to another free space in the frequency spectrum.  This solution will clearly allow 
for spectrum sharing and greatly improve the spectrum usage efficiency [4-5].   
For a cognitive radio to be successfully implemented, multiple receivers that cover a wide 
range of frequencies are needed.  A more practical implementation would be to use receivers that 
are capable of operating over a wide range of frequencies.  Furthermore, cognitive radios are 
expected to meet the low phase noise requirements of most RF applications.  As shown in Fig. 1.1, 
a key component of any RF receiver is the local oscillator as it provides the required frequency to 
Wide-band Antenna
LO
LNA
Mixer
IF Filter
A/D
 
Figure 1.1: RF-receiver block diagram 
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convert the signal to baseband.  Therefore, a lot of effort is being invested in expanding the local 
oscillators’ tuning range and achieving a low phase noise at the same time.  Phase noise in 
oscillators is caused by noise injected into the oscillator by internal or external sources; this noise 
causes random variations in the output frequency and amplitude of the oscillator.  The amplitude 
noise is usually negligible, while the frequency variation causes the output power spectrum of the 
oscillator to have non-zero values at frequencies adjacent to the fundamental oscillation frequency.  
Fig. 1.2(a) and Fig. 1.2(b) show how an ideal and an actual output power spectrum of an oscillator 
looks like, respectively.  The output power at frequencies neighboring the oscillation frequency 
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Figure 1.2: An example of a) an ideal oscillator’s output power spectrum, b) a realistic 
oscillator’s output spectrum with phase noise, and c) reciprocal mixing due to oscillator’s 
phase noise.  
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normalized by the power of the carrier is what we call phase noise.  Phase noise is commonly 
represented using Lesson’s equation [6]:  
 ℒ(∆𝜔) = 10 log (
2𝐹𝑘𝐵𝑇
𝑃𝑠𝑖𝑔
 (1 + (
𝜔0
2𝑄∆𝜔
)
2
) (1 +
∆𝜔
1/𝑓3
|∆𝜔|
)) (1-1) 
where 𝑘𝐵 is Boltzmann’s constant, T is absolute temperature, F is an emperical factor that accounts 
for the the additional noise in the 1/(∆𝜔)2 region.  The above Lessson expression accounts for the 
noise floor, the additional noise in the 1/(∆𝜔)2 region and the 1/|∆𝜔|3 behavior at very close 
offset frequencies as shown in Fig. 1.3.  Lesson’s expression successfully models the phase noise 
behavior, yet, it fails to correctly estimate phase noise in electrical oscillators.  Later, other more 
accurate models were introduced as we shall see in Chapter 4.  
 Phase noise is of an essential importance in RF applications in order to avoid reciprocal 
mixing.  An example of reciprocal mixing is shown in Fig. 1.2(c).  When two adjacent frequencies 
of different amplitudes reach the same receiver, the two signals get downconverted through the 
local oscillator (LO).  If the LO has phase noise, the desired signal might end up overwhelmed by 
the interferer (Fig. 1.2(c)) [6].   
-3
-2
ωo/2Q Δω1/f^3 
log Δω
10 log (2FkT/Psig)
L(Δω)
 
Figure 1.3: Phase noise as represented by Lesson’s equation 
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For wide tuning and low phase noise purposes in cognitive radio applications, three 
prominent types of oscillators have been heavily targeted in the recent literature, ring [6-13], active 
inductor-based [14-17], and LC [18-35] oscillators.   
1.2 Literature Review 
1.2.1 Ring Oscillators 
The simplest form of a ring oscillator is shown in Fig. 1.4, with an odd number of inverters 
connected in series such that the output of the last inverter is fed back to the input of the first 
inverter. The output signal oscillates with a frequency depending on the delay of the inverters.   
The major issue with ring oscillators is their poor phase noise performance.  In ring oscillators, the 
noise, either from the power supply or thermal noise from circuit components, is inserted into the 
signal path when the node capacitors are charging and discharging. So, noise is happening during 
the oscillator’s most sensitive point, the switching point, at which all the noise power contributes 
to phase noise.  This is the main reason for their poor phase noise performance [6, 7].  Yet, because 
of their very compact on-chip area and their wide tuning capabilities in comparison to LC 
oscillators, ring oscillators have gained a lot of attention in the recent literature [7-11].   In [8], a 
ring oscillator that is able to tune from 1 to 9 GHz is implemented using low power differential 
i(t)
 
Figure 1.4: The simplest form of ring oscillators. 
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delay cells that consume about 3.7 mW per cell.  Nevertheless, its phase noise is about 20 dB more 
than an average LC-oscillator.  An interesting approach that has achieved good results in terms of 
an extended tuning range is the push-push scheme [9], which has been extended to triple push [9, 
10] and multi-push [10, 11].  In this approach, the outputs of different ring oscillators or different 
stages of the same ring oscillator are added to each other such that the odd (or even) harmonics 
cancel out and the even (or odd) harmonics add up [9].  Oscillators utilizing this technique are 
shown to achieve an ultra-wide tuning range and sometimes a good phase noise performance as 
well.  In [10], the multi-push oscillator can tune from 0.1 to 65.8 GHz with a maximum power of 
26.4 mW, but its phase noise performance is at least 30-40 dB worse than an average LC-oscillator.  
In [11], multi-push scheme and cyclic coupling of oscillators have been combined to achieve an 
oscillator with a tuning range of 3.16 to 12.6 GHz and a relatively improved phase noise 
performance (about 10 dB less than an LC oscillator).  Yet, power consumption is said to reach 
200 mW which is much higher than the few tens of milliwatts commonly consumed by an LC 
oscillator in the same frequency range.  Other moderately successful attempts to improve the phase 
noise in ring oscillators included using differential delay cells with special over-sized transitioning 
transistors in between the cells to filter out phase noise.   Nevertheless, ring oscillators have not 
achieved the superior phase noise performance of LC oscillators on their own.  However, an 
interesting approach that is showing in the recent literature is to use injection locking, in which a 
signal from an LC oscillator is injected into a ring oscillator.  Injecting a low phase noise oscillating 
signal into ring oscillators are shown to help attenuate phase noise and improve performance.  The 
design takes advantage of the low phase noise in LC oscillators and the wide tuning range 
capability of ring oscillators [13].  The oscillator in [13] is capable of tuning from 3.1 to 9.5 GHz 
with a phase noise performance that is comparable to LC oscillators and a relatively low power 
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consumption of 43 mW.  Yet, size is not as compact as regular ring oscillators due to the use of an 
LC oscillator to generate the injected signal.  Overall, ring oscillators are yet to achieve the phase 
noise performance required by most RF applications. 
1.2.2 Active Inductor-Based Oscillators 
The basic principle of active inductors or gyrators network is illustrated in Fig. 1.4, in 
which a network of active devices and a capacitor acts as an inductor with an inductance [14]: 
 𝐿 =
𝐶
𝑔𝑚1𝑔𝑚2
  (1-2) 
where 𝑔𝑚1 and 𝑔𝑚2 are the transconductances as shown in Fig. 1.5.  Active inductors replace 
regular on-chip inductors in an LC oscillator structure, which will be explained later.  The issue 
with active inductors is that the active devices in the gyrator network consume more power and 
generate more noise than a regular inductor.  Despite the effort in [15, 16] to improve their 
performance using differential design techniques to filter noise or in [17] using very high speed 
amplifiers to reduce thermal noise, their overall performance parameters are still lacking in 
comparison to regular LC oscillators.   
1.2.3 LC Oscillators 
 An LC oscillator can be simplified using Fig. 1.6 in which the resistance represents the 
loss in the parallel LC network due to a reduced quality factor of the inductor and the capacitor.  
gm1
-gm2
Zin
C
 
Figure 1.5: A gyrator network representing an active inductor [14] 
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Quality factor of a passive device such as an inductor or a capacitor is defined as the ratio of stored 
to lost energy per unit time, 𝑄𝐿 =
𝜔𝑜𝐿
𝑅𝑠
, where 𝑅𝑠 is the parasitic series resistance of the inductor.  
In most on-chip implementations of LC oscillators, the quality factor of the inductor dominates 
the oscillator’s quality factor as the capacitor quality factor is usually much higher than that of an 
inductor.  The quality factor of an oscillation tank has a direct effect on phase noise as we shall 
see later in Chapter 3.  As long as the energy lost in the network shown in Fig. 1.6 is continuously 
restored, the energy stored in the system will keep oscillating between the capacitor and the 
inductor with a frequency that is dependent on the tank’s capacitance and inductance values.  The 
output voltage appears as a result of the continuous restoration process across the resistor R as a 
sinusoidal wave with a frequency 𝜔0 = 1/√𝐿𝐶.   The only issue with LC oscillators is the area 
required for an on-chip inductor which makes it hard to scale down with technology.  The fact that 
most modern receivers require quadrature oscillators, which is commonly implemented by 
utilizing two LC tanks thereby doubling the area requirement, further compounds the problem.  
Although, ring and active inductor-based oscillators are much more area efficient than LC 
oscillators, phase noise performance of LC oscillators is still superior [6].  Thus, LC oscillators are 
still an essential component in most RF receivers.  
L RC
Energy 
restoring 
system
V
+
-
 
Figure 1.6: A simple presentation of an LC oscillator [6]. 
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The primary tuning method in LC oscillators is capacitive tuning through voltage variation, 
either across varactors and/or switched capacitor tanks.  Varactors could be implemented using 
p/n junctions or MOS capacitors in inversion or accumulation mode.  Wide tuning varactors are 
implemented using longer channels or junctions, which usually results in lower quality factor 
varactors due to the higher channel parasitic resistance [18].  The low quality factor translates to 
more phase noise as we shall see later in Chapter 3.  Typically, varactors tunability (Cv_max/Cv_min) 
according to the measured results in [18] is about 1.5 on average.  With switched capacitors, 
switches are not ideal in practice and they exhibit certain loss when they are on.  This loss lowers 
the tank’s quality factor.  In addition, when a non-ideal switch is open, it is not exactly an open 
circuit, it is a capacitor.  Hence, there is still an added capacitance to the oscillation tank that is 
equivalent to the series combination of the switch parasitic capacitance and switched capacitance.  
Thus, at the high frequency limit of an oscillator, when all switches are open, and the varactor is 
the only capacitance assumed to be on, each switched capacitor adds some extra parasitic 
capacitance to the oscillation tank and cause the high frequency to be lower than expected.  
Therefore, increasing the number of switched capacitors could greatly lower the oscillation tank 
quality factor and limit the tuning range of an oscillator [19].  Clearly, with all the limitations on 
switched capacitors, the wide tuning ranges required by cognitive radio applications will not be 
achieved by capacitive tuning alone.  Therefore, designers are turning to non-traditional methods 
to increase the tuning range.   
There have been noticeably successful attempts in the literature [20-35] to expand the 
tuning range of LC oscillators beyond capacitive tuning.  For example in [20], a new inductor 
switching technique is proposed in which the parasitic series resistance of the switch is added in 
parallel to the oscillation tank.  Hence, the parasitic resistance improves the quality factor of the 
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tank instead of degrading it as in the case of capacitor’s switching.  A ground shield and a high-
resistance substrate are also used in [20] to reduce the energy loss from the inductor and hence 
improve its quality factor.  Another example is using a multi-tap inductor to create two LC 
oscillation tanks that are capable of producing two ranges of oscillation frequencies and hence 
approximately doubling the tuning range of an LC oscillator [21].  This approach reuses the same 
inductor for two separate ranges of oscillation frequencies, which is an economical way to use the 
expensive on-chip area.  Two additional approaches that have started gaining popularity in the area 
of wide tuning range LC oscillators for apparently achieving high FOMs are: inductive current 
tuning [22-26] and multi-mode transformer-based (T-based) oscillators [24-35].  The tuning range 
based figure of merit (FOMT) is defined as [22]: 
 𝐹𝑂𝑀𝑇 = 10 log (
𝑘𝐵𝑇
𝑃𝑑𝑖𝑠𝑠
(
𝑓𝑡𝑢𝑛𝑒
𝛥𝑓
)
2
) − 𝐿(Δ𝑓) (1-3) 
and the Figure of Merit (FOM) used when single oscillation frequency is considered is defined as 
[26]:  
 𝐹𝑜𝑀 = 10 log ((
𝑓𝑜
∆𝑓
)
2 1
𝑃𝑑𝑖𝑠𝑠(𝑚𝑊)ℒ(∆𝑓)
).  (1-4) 
where 𝑘𝐵 is Boltzmann’s constant, T is absolute temperature, Pdiss is the power dissipation, ftune is 
the tuning range, fo is the oscillation frequency and Δ𝑓 is the frequency offset from the carrier.  
The FOM in (1-3) is the primary one used for wide tuning oscillators.  From (1-3), the FOM can 
be improved by increasing the tuning range, lowering the power consumption, and/or lowering the 
phase noise.  While phase noise and power consumption seems to equally affect the FOM, the 
tuning range has more influence.  For example if the tuning range is doubled, the FOM gains 6dB 
whereas if the power consumption is cut by half, the FOM gains only 3dB.  Therefore, although 
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the price of increasing the tuning range might be an increase in power consumption and/or phase 
noise, sometimes the end result is an improved FOM. 
In this research, the inductive tuning and the T-based oscillators, are thoroughly 
investigated.  We explore the advantages and the drawbacks of each scheme, and provide 
methodologies and techniques to improve their performance in terms of the tuning range based 
figure of merit (1-3).  Since quadrature voltage controlled oscillators (QVCOs) are the primary 
architecture used for inductive tuning and because the availability of IQ signals is a desirable 
feature in RF applications, we will extend our analysis of transformer-based oscillators to QVCOs 
and study what this technique has to add to QVCOs.  
1.2 Dissertation Organization 
The dissertation is organized as follows.  In Chapter 2, a new low phase noise inductive 
current-based tuning architecture is proposed and compared to other inductive current-based 
tuning topologies in terms of tuning range, phase noise, power consumption, and FOM. In Chapter 
3, transformer-based oscillators are explored and a complete phase noise analysis is presented with 
an implemented circuit to show how the new analysis can be beneficial in improving the FOM of 
T-based oscillators.  In Chapter 4, T-based QVCOs are presented as a way to avoid quadrature 
mode stability problem in LC oscillators.  In addition, an example showing how combining T-
based and inductive tuning in QVCOs can achieve quadrature mode stability and a higher FOM 
than just inductive tuning in L-based QVCOs.  
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CHAPTER 2: CURRENT-BASED INDUCTIVE TUNING IN QUADRATURE 
VOLTAGE CONTROLLED OSCILLATORS 
 In this Chapter we explore current-based inductive tuning in quadrature voltage controlled 
oscillators (QVCOs) and propose a new low phase noise current-based inductive tuning technique.  
At first, the quadrature oscillators’ design and the previously implemented inductively tuned 
oscillator are reviewed.  Then, the new technique is furnished and compared to other inductive 
tuning schemes in terms of phase noise, power consumption, tuning range and FOM.  
2.1 Quadrature Voltage Controlled Oscillators 
 For demonstrating several wide tuning techniques, the commonly used LC-QVCO 
architecture proposed in [36] and shown in Fig. 2.1 is used.  The QVCO consists of two identical 
cross-coupled LC oscillators that are coupled together though transistors M5-M8. The coupling 
provides a positive feedback in one direction and a negative feedback in the other forcing the 
outputs of two cores to operate in quadrature. To understand how this type of coupling forces 
va
L
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Icore
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Itune
Icore
M2
M5 M6
M1 M4
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C
L
-va vb -vb
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Figure 2.1: The LC-QVCO proposed in [36]. 
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quadrature outputs, one can use an argument similar to 
[36] in which the currents and voltages in Fig. 2.1 are 
treated as phasors.  Since the two cores are identical, one 
expects their output to have the same amplitude and 
oscillation frequency. Also, one expects that the currents 
through the tanks in Fig. 2.1 are equal in magnitude, |𝑖𝑎| =
|𝑖𝑏|.  Given the voltages at the gates of the cross coupled 
transistors (M2 and M4) are (𝑣𝑎 and 𝑣𝑏) and the coupling 
transistors (M6 and M8) are (−𝑣𝑏 and 𝑣𝑎), respectively, the currents’ equality implies that: 
 |𝑖𝑏|= |𝑔𝑚(𝑣𝑎 + 𝑣𝑏)| =  |𝑖𝑎| = |𝑔𝑚(𝑣𝑎 − 𝑣𝑏)|,  (2-1) 
where 𝑔𝑚 is the transconductance of the transistors and assuming all the transistors have the same 
size.  Fig. 2.2 shows that for (2-1) to hold, the two voltages have to be in quadrature as one cannot 
add two phasors (𝑣𝑎and 𝑣𝑏) that are equal in magnitude and subtract them to get results (𝑖𝑎and 𝑖𝑏) 
that are equal in magnitude as well unless these two phasor are in quadrature.    
Although the generation of the in phase and quadrature (IQ) signals can be done through 
phase shifters or ring oscillators, the above architecture (Fig 2.1) is commonly used in RF receivers 
for its very low phase error, low phase noise, and simplicity in comparison to other 
implementations [22-26, 36, 37].  Traditionally, LC-QVCOs are tuned like single phased LC-
VCOs by controlling the voltage across varactors or switching capacitor tanks.  As explained 
before, capacitive tuning has its limitations and for extended tuning ranges, additional tuning 
methods might be needed.  Inductive current-based tuning technique that is based on magnetic 
coupling effectively adds a range of frequency beyond capacitive tuning and hence the 
va
vb
-vb
 
Figure 2.2: Phasor diagram to 
illustrate the generation of the 
quadrature signal in Fig. 2.1 [36]. 
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implemented QVCO is shown to exhibit higher FOM in comparison to previously implemented 
QVCOs in the literature [22].  The details of this approach is explained next.  
2.2 Current-Based Inductive Tuning Through Magnetic Coupling in QVCOs  
It has been demonstrated in [22] that the oscillation frequency of an LC oscillator can be 
tuned up or down by exploiting the magnetic coupling in transformers. Using   Fig. 2.3, 𝑣1 can be 
expressed as [22]: 
 𝑣1 = 𝑗𝜔𝐿1𝑖1 + 𝑗𝜔𝑀𝑖2 =  −
𝑖1
𝑗𝜔𝐶1
 (2-2) 
where 𝑀  is the mutual inductance and 𝑖1and 𝑖2 are the currents through the primary and secondary 
windings respectively.  To understand how this works consider that 𝑖1and 𝑖2  are either in phase or 
out of phase.  Then using (2-2) the oscillation frequency can be derived as [22]: 
 𝜔𝑜 =
1
√𝐿(1±|
𝑖2
𝑖1
| )𝐶
,   (2-3) 
where the ‘+’ and ‘-‘ signs are used when 𝑖1and 𝑖2 are in phase or out of phase respectively. Then, 
when the amplitude of 𝑖2 is increased the oscillation frequency is increased or decreased depending 
on the direction of 𝑖2 with respect to 𝑖1.   
 In order to provide the appropriate phase shift required for the current tuning, a quadrature 
architecture similar to the one explained 
above is used (Fig. 2.4).  Due to the 
quadrature nature of the coupled signal 
through (M5-M8), the tuning current, 𝐼𝐿2, 
can be either in-phase or out-of-phase with 
the existing inductor current, 𝐼𝐿1 in Fig. 2.4.  
L1 C1L2
M
i2 i1
-
+
v1
 
Figure 2.3: Inductive tuning though magnetic 
coupling. Varying the amplitude and phase of 
the current in the secondary winding change the 
frequency of oscillation [22].  
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Under normal operation, the current flowing in the tank inductor (IL1) lags the voltage across its 
terminals (I+) by 90° and in turn leads the current flowing through M1 (II-) by 90°.  Due to the 
quadrature signal coupling, the current flowing through the tuning inductor (IL2) is shifted by ±90° 
from II- and hence IL2 has a relative phase shift of 0° or 180° with respect to IL1.  Thus, the phase 
requirements of the currents through the transformer’s windings (in phase or out of phase) in (2-
2) are met in a QVCO oscillator and the oscillation frequency can be tuned by varying the bias 
current Itune which is approximately equal to the amplitude of the current through the secondary 
transformer winding, 𝐼𝐿2.   
Although inductive tuning accounts for about 40% of the tuning range in the magnetically 
coupled QVCO implemented in [22], there is a concern from the increasing phase noise 
contribution of the coupling transistors (M5-M8 in Fig. 2.4) with the increasing tuning current as 
shown in [22, 48] and as we shall show again in detail in the following Section.  Because this 
approach has been repeatedly used in the literature [22-26], this analysis is intended to show if 
there is a real advantage in magnetic coupling for the purpose of inductive tuning.  In the following 
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Figure 2.4: A QVCO implementing current-based inductive tuning through magnetic 
coupling [22].  
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discussion, it is shown that by controlling how the tuning current is injected into the tank, either 
by magnetic-coupling, direct-coupling, or the newly proposed partial-coupling, a trade-off exists 
between tuning range, phase noise, and power consumption.  This leads to a very flexible design 
methodology where the coupling mechanism can be selected based on system-level requirements 
which may change from one design to the next.  Furthermore, the new coupling scheme is shown 
to have a higher FOM for a limited tuning range of inductive tuning due to its lower phase noise, 
whereas all three coupling schemes exhibit very comparable FOMs for extended tuning ranges. 
 
2.3 Proposed Low Phase Noise Inductive Tuning  
2.3.1 Overview of Coupling Methods  
In this Sub-section we illustrate three different current coupling schemes that can be used 
for current-based inductive tuning in QVCOs, the magnetic coupling, direct coupling, and the 
newly proposed partial direct coupling.  The three different coupling methods are implemented 
using quadrature oscillator architectures because, as illustrated in the Section 2.2, the quadrature 
signal coupling facilitates the necessary phase shift between the tuning current and the inductor 
current.  An example of magnetic-coupling is shown in Fig. 2.5(a) where a transformer is used to 
couple the tuning current into the tank [22].   An example of direct-coupling is shown in Fig. 
2.5(b) where the tuning current is injected directly into the tank inductor.  The theory of operation 
is the same as for the magnetic-coupled system described in Section 2.2.  Again the resulting tuning 
current has a relative phase shift of 0° or 180° with respect to the current flowing through the tank 
inductor. 
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 In the newly proposed partial-coupling (Fig. 2.5(c)), the tuning current is injected into a 
portion of the tank inductor. This is accomplished through the use of a multi-tapped inductor. For 
clarity, the multi-tapped inductor is represented in Fig. 2.5(c) as two separate inductors where LI 
represents the inner windings and LE represents the exterior windings of the inductor.  
2.3.2 Generalized Current Tuning 
 As shown in Section 2.2, the oscillation frequency of an LC oscillator can be tuned up or 
down by injecting a tuning current into the inductor that is either out-of-phase or in-phase with the 
existing inductor current.  The resulting effective inductance can be generalized to present the 
three coupling methods using: 
 𝐿𝑒𝑓𝑓 = 𝐿𝑐𝑜𝑟𝑒 ± 𝐿𝑡𝑢𝑛𝑒
𝐼𝑡𝑢𝑛𝑒
𝐼𝐿
 (2-4) 
where Lcore is the tank inductance, Ltune is the tuning inductance, Itune is the peak tuning current, 
and IL is the peak current flowing through the tank inductor (Fig. 2.5).  A positive sign is used in 
(2-4) when the two currents are in-phase and a negative sign is used when the two currents are out-
of-phase. The variables, Lcore and Ltune, are related to the parameters of the different coupling 
schemes as shown in Table 2.1. 
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Figure 2.5: Schematics showing one core of a) magnetic-coupled, b) direct-coupled, and c) 
partial-coupled quadrature oscillators. 
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 Ideally, only the effective inductance is affected by the injected tuning current.  Due to the 
gate capacitance and parasitic gate resistance of the coupling transistors (M3-M4 in Fig. 2.5), 
however, a small delay will be introduced in the coupling path and the relative phase shift between 
the injected tuning current and the inductor current will not be exactly 0° or 180°.  A small positive 
shift, φ, will be introduced which will affect both the effective inductance as well as the associated 
series resistance:  
 𝐿𝑒𝑓𝑓 = 𝐿𝑐𝑜𝑟𝑒 ± 𝐿𝑡𝑢𝑛𝑒
𝐼𝑡𝑢𝑛𝑒
𝐼𝐿
cos(𝜑) (2-5) 
 𝑅𝑒𝑓𝑓 = 𝑅𝑆 ± 𝜔𝐿𝑡𝑢𝑛𝑒
𝐼𝑡𝑢𝑛𝑒
𝐼𝐿
sin(𝜑) (2-6) 
where RS is the series resistance associated with the tank inductor, Lcore.  When the quantity Itune/IL 
is negative (i.e., when Itune and IL are out-of-phase) the effective resistance is reduced thereby 
minimizing the energy loss in the circuit.  Thus, because of the small phase delay introduced by 
the circuit, the state where Itune and IL are out-of-phase is naturally selected. 
2.3.3 Oscillation Frequency and Phase Noise 
 In this Sub-section generalized equations describing oscillation frequency and phase noise 
performance are derived. 
2.3.3.1 Oscillation Frequency 
 The oscillation frequency for the three coupling schemes can be derived using the 
equivalent large-signal models shown in Fig. 2.6, where, R ≈ RS Q2 (assuming high inductor quality 
TABLE 2.1 
COUPLING SPECIFIC DEFINITIONS FOR THE GENERAL VARIABLES 
 Ltune Lcore α 
Magnetic-Coupling 𝑀 𝐿1 𝑀/𝐿1 
Direct-Coupling 𝐿 𝐿 1 
Partial-Coupling 𝐿𝐼 𝐿𝐼 + 𝐿𝐸  𝐿𝐼/(𝐿𝐼 + 𝐿𝐸) 
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factor).  Under steady-state operation, IR = Icore, IL = -jQIcore, and IC = jQIcore.  Therefore we can 
write two expressions for the voltage drop across the resistor: 
 𝑉𝑅 =  𝑗𝑄𝐼𝑐𝑜𝑟𝑒
1
𝑗𝜔𝑜𝑠𝑐𝐶
 (2-7) 
 𝑉𝑅 = −𝑗𝑄𝐼𝑐𝑜𝑟𝑒 ∗ 𝑗𝜔𝑜𝑠𝑐𝐿𝑐𝑜𝑟𝑒 + 𝑗𝐼𝑡𝑢𝑛𝑒 ∗ 𝑗𝜔𝑜𝑠𝑐𝐿𝑡𝑢𝑛𝑒 (2-8) 
By equating (2-7) and (2-8), the frequency of oscillation is: 
 𝜔𝑜𝑠𝑐 = 𝜔𝑜√1 +
𝜏
𝑄
 (2-9) 
where 𝜔0 = 1 √𝐿𝑐𝑜𝑟𝑒𝐶⁄ , 𝜏 = 𝛼 
𝐼𝑡𝑢𝑛𝑒
𝐼𝑐𝑜𝑟𝑒
, and 𝛼 =  
𝐿𝑡𝑢𝑛𝑒
𝐿𝑐𝑜𝑟𝑒
.  Recall that Lcore and Ltune are defined 
differently for each coupling scheme as shown in Table 2.1.  It should be noted that Q, in (2-9), is 
not fixed.  By increasing Itune, and assuming that Itune and Icore are out-of-phase, then from (2-8), 
Leff will decrease thereby decreasing Q.  Because the phase delay φ is expected to be very small, 
sin (𝜑) in (2-9) is very close to zero and the change in Reff can be ignored.  By substituting 𝑄 =
1/(𝜔𝑜𝑠𝑐𝑅𝑆𝐶) into (2-9) the final relationship for the frequency of oscillation is obtained:  
 𝜔𝑜𝑐𝑠 =  𝜔𝑜  (
𝜏𝑅𝑠𝐶𝜔𝑜
2
+ 1) (2-10) 
 From (2-10), one can see that the frequency of oscillation in the three oscillators is related 
to τ.  Given the same core LC-tank for the three different coupling schemes, in order to achieve 
the same frequency, the tuning ratio, τ, must be equal.  Since 𝜏 = 𝛼 
𝐼𝑡𝑢𝑛𝑒
𝐼𝑐𝑜𝑟𝑒
 and 𝛼 is different for 
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Figure 2.6: Large signal models for a) magnetic-coupled, b) direct-coupled, and c) partial-
coupled quadrature oscillator. 
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each oscillator as shown in Table 2.1, Itune/Icore is different for each oscillator which reflects on its 
power consumption.  Using magnetic-coupling, for example, 𝛼 = 𝑀/𝐿1, and since we can design 
M/L1 > 1, assuming an equal Itune/Icore, this system will allow for a larger tuning range than the 
direct-coupled or partial-coupled systems for which 𝛼 cannot be greater than one.  Alternatively, 
by maintaining a constant tuning range, the magnetic-coupled system could reduce the required 
tuning current thereby saving power.  One might conclude that arbitrarily low power consumption 
can be obtained by maximizing M/L1, but 𝑀/𝐿1 is limited by the non-idealities of on-chip 
inductors. 
 As previously mentioned, the partial-coupled system uses a multi-tapped inductor.  
Because LI < (LI + LE), a larger Itune is required to achieve the same tuning ratio, τ, when compared 
to an equivalent direct-coupled or magnetically-coupled system.  As will be discussed later, the 
ability to reduce 𝛼 (𝐿𝐼 (𝐿𝐼 + 𝐿𝐸)⁄ ) is an advantage, however, that can be exploited to reduce overall 
phase noise. 
2.3.3.2 Phase Noise Analysis 
 The phase noise of quadrature VCOs has been thoroughly investigated in the literature (e.g. 
[38]).  This same analysis is now applied to inductively-tuned quadrature VCOs utilizing 
magnetic-coupling, direct-coupling, and partial-coupling current tuning schemes.  The phase noise 
ℒ(∆𝜔), at a given offset from the carrier, Δω, is defined as:  
 ℒ(∆𝜔) = 10 log (
2
𝐴0
2 ∑ 𝑁𝐿,𝑖𝑖 ) (2-11) 
where A0 is the amplitude of oscillation at Δω and NL is defined as the phase noise contribution 
from a given source and is calculated using the impulse sensitivity function introduced in [39].  
Using the large-signal models shown in Fig. 2.6, the procedure outlined in [38] is used to derive 
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expressions for the three primary noise sources: the resistive loss in the tank, the cross-coupled 
core transistors, and the coupling transistors used for injecting the tuning current.  The noise power, 
NL, for each of these noise sources is given by: 
 𝑁𝐿,𝑅 ≈
𝑘𝐵𝑇
2𝑅𝐶2Δ𝜔2
 (1 + 𝜏2) (2-12) 
 𝑁𝐿,𝑐𝑜𝑟𝑒 ≈
𝛾𝑘𝐵𝑇
2𝑅𝐶2Δ𝜔2
 (2-13) 
 𝑁𝐿,𝑡𝑢𝑛𝑒 ≈
𝛾𝑘𝐵𝑇
2𝑅𝐶2Δ𝜔2
𝛼𝜏3 (2-14) 
where T is absolute temperature, kB is Boltzmann’s constant, γ is the channel noise factor for the 
MOS transistors. 
 Regardless of the coupling method, from (2-11)-(2-14), an increase in the tuning ratio, τ, 
will result in an increased phase noise.  The noise contribution from the tuning transistors, 
however, is proportional to ατ3, hence for coupling schemes where α > 1, the overall phase noise 
is expected to suffer even more.  Therefore, when α = M/L1 is increased above one, in the 
magnetically-coupled system, to reduce the required tuning current, the resulting VCO will have 
a higher phase noise than the equivalent direct-coupled or partial-coupled systems utilizing the 
same 𝜏.  On the other hand, because α in the partial-coupled system must be less than one, the 
phase noise will be lower than the direct-coupled oscillator at the same frequency. 
 One could argue that the phase noise in the direct-coupled system could be lowered by 
simply increasing Icore.  One primary drawback to this approach is that Itune must also be increased 
to maintain the tuning ratio, τ, leading to an increase in total power consumption beyond that 
required by a partial-coupled oscillator.  
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2.3.3.3 Amplitude and Phase Error Analysis 
 Amplitude error, 𝜀,  and phase error, 𝜙𝑒 , for LC-quadrature oscillators with separate biasing 
for the core and coupling transistors, like the oscillators shown in Fig. 2.5, can be expressed as: 
 𝜙𝑒 ≈
1
2𝜏
Δ𝑅
𝑅
+
1
2
𝑄
𝜏2
 (
Δ𝐿
𝐿
+
Δ𝐶
𝐶
) (2-15) 
 𝜀 ≈
𝑄
𝜏
(
Δ𝐿
𝐿
+
Δ𝐶
𝐶
) (2-16) 
where R, L, and C are from Fig. 2.6 and Δ𝐿, Δ𝐶, and Δ𝑅 represent the mismatch between the I 
and Q tanks [37].  It is seen that phase and amplitude errors are dependent upon the tuning ratio, 
𝜏, and hence oscillation frequency, 𝜔𝑜𝑐𝑠.   
2.3.4 Simulation Results 
 In this Sub-section, the preceding theoretical analysis is verified through transistor-level 
simulation in a 130 nm technology.  The performance of the three different coupling schemes is 
compared in terms of tuning range and phase noise.  Only inductor-based tuning is implemented 
for this study.  In an actual system, traditional capacitor-based tuning would also be used to achieve 
the maximum possible tuning range.  All relevant inductor and transformer parameters have been 
extracted from layout and modeled using ADS Momentum.  For phase error simulations, a +5% 
mismatch (common value for 130nm technologies) is assumed for all inductors, capacitors and 
resistors. 
2.3.4.1 Magnetic-Coupling versus Direct-Coupling 
 Three oscillators are compared in this case, two magnetic-coupled oscillators (one with α 
= 1 and one with α = 1.2) and one direct-coupled oscillator (α = 1).  Identical core and tuning 
transistors with a size of W/L = 70μm/120nm are used for all three cases.  An interleaved 
transformer structure is utilized in the magnetic-coupled oscillators because of the inherently high 
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coupling coefficient.  The inductor used in the direct-coupled system is simply a copy of the 
primary winding of the transformer used in the magnetic-coupled systems.   
 Fig. 2.7 shows the transformer layout for the magnetic-coupled oscillator with α = 1 which 
occupies an area of 210 × 210 μm2 and achieves a coupling coefficient of k = 0.8.  The extracted 
inductances are L1 = 1.7 nH (Q1 = 10) and L2 = 2.7 nH (Q2 = 13).  For the magnetic-coupled 
oscillator with α = 1.2, L1 remains the same as in the previous case and L2 is increased to 3.7 nH.  
Finally, the inductor for the direct-coupled oscillator is simply a copy of the L1 winding of the 
transformer used in the magnetic-coupled oscillators.  The overall area of this inductor is 190 × 
190 μm2.  A tank capacitor of C = 620 fF is used in all oscillators leading to an initial frequency 
of 4.9 GHz.   
 During simulations, Icore is fixed at 1 mA and Itune is varied between 0 and 5 mA to provide 
frequency tuning.  All oscillators operate from a 1.2 V supply.  Fig. 2.8(a) shows the tuning range 
of the simulated oscillators along with the theoretical tuning range as calculated using (2-10).  As 
expected, the magnetic-coupled oscillator with α = 1 has the same tuning range as the direct-
 
Figure 2.7:  Transformer layout for the magnetic-coupled oscillator.  At 5 GHz, L
1
 = 1.7 nH, 
L
2
 = 2.7 nH, Q
1 
= 10, and Q
2
 = 13. 
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coupled oscillator whereas the magnetic-coupled oscillator with α = 1.2 achieves a slightly higher 
tuning range for the same ratio of Itune/Icore.   
 It is seen in Fig. 2.8(a) that (2-10) actually over-estimates the tuning range of the magnetic-
coupled oscillators because excess phase delay in these oscillators that is not accounted for in (2-
10).  If we consider (2-11), when the phase delay, φ, increases, the term cos(𝜑) is decreased 
resulting in a reduction in the effectiveness of Itune to change Leff.  While this effect is present in all 
three oscillators, it is more pronounced in the magnetic-coupled oscillator with α = 1.2 because of 
the difference in the Q between the tuning and core inductors. 
 Fig. 2.8(b) compares the phase error and phase noise of the three oscillators at 1 MHz offset 
from different center frequencies.  According to (2-11)-(2-14) the phase noise of the magnetic-
coupled oscillator with α = 1 should match that of the direct-coupled oscillator, it is observed, 
however, that the magnetic-coupled oscillator has a phase noise that is 1 dBc/Hz lower.   
 
Figure 2.8: a) Simulated and theoretical tuning range for the direct-coupled and the magnetic-
coupled oscillators, I
core 
= 1 mA. b) Simulated phase error and phase noise at a 1 MHz offset for 
the direct-coupled and magnetic-coupled oscillators, I
core 
= 1 mA  
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 For the magnetic-coupled oscillators with α = 1.2, the phase noise increases by 
approximately 2 dBc/Hz, as predicted by (2-11)-(2-14).  At high frequencies (i.e., when Itune is 
large) the phase noise for the magnetic-coupled oscillator with α = 1.2 flattens out.  This is caused 
by the same phenomenon that makes current tuning less effective for higher values of Itune.  
Because of the signal delays, Itune diverts from tuning and instead contributes to the signal 
amplitude which improves the phase noise performance.  It is also observed (Fig. 2.8(b)) that for 
the current tuning range phase error for the magnetically coupled oscillator is on average slightly 
lower than the directly coupled oscillator at the same oscillation frequency. 
 To clarify the relative performance of these oscillators, FOM of each oscillator is calculated 
using (1-3).  The FOM of the direct coupled oscillator is -24.5 dB and the FOM for the magnetic-
coupled oscillators with α = 1 and α = 1.2 is -24.34 dB and -24.15 dB, respectively.  The three 
FOMs are almost equal despite the fact that the magnetic-coupled oscillator with α = 1.2 is trading 
noise performance for increased tuning range.  This implies that the designer can tailor the 
oscillator to improve specific parameters of interest (e.g., tuning range or noise) while maintaining 
a constant relative performance. 
2.3.4.2 Direct-Coupling versus Partial-Coupling 
 Next, we compare the performance of the partial-coupled to a redesigned direct-coupled 
oscillator.  A multi-tapped inductor is used in the partial-coupled oscillator and is shown in Fig. 
2.9.  A value of α = 0.5 is targeted and so the multi-tapped inductor must be large enough to 
accommodate enough turns such that the internal inductance is about ½ that of the external 
inductance.  Because of the size requirement of the multi-tapped inductor used in the partial-
coupled oscillator, it cannot be compared directly with the previous magnetic-coupled system 
using the same core inductor.  If we are to use the same core inductor, the interleaved transformer 
26 
 
 
needed to obtain high coupling would be too big and its self-resonant frequency would be very 
close to the targeted oscillation frequency range.  The core and tuning transistors, however, remain 
unchanged (i.e., W/L = 70μm/120nm), Icore remains at 1 mA, and the tank capacitor is still 620 fF.  
Only the tank inductors are changed.   
 The direct-coupled oscillator uses the same inductor as the partial-coupled oscillator, 
without the inner taps.  The extracted inductances LI and LI+LE are 1 nH and 2.5 nH, respectively, 
leading to α = 0.4.  The total inductance used for the direct-coupled oscillator is 2.5 nH.  These 
values lead to an initial frequency of 4 GHz.  Fig. 2.10(a) shows the simulated and theoretical 
tuning range for both the direct-coupled and the partial-coupled oscillator.  As expected when α = 
0.4, the tuning range of the partial-coupled oscillator is about ½ that of the direct-coupled 
oscillator.   
 Fig. 2.10(b) compares phase error and phase noise at 1 MHz offset versus center frequency.  
It is observed that, given the same oscillation frequency, phase error is the same for both 
oscillators.  The partial-coupled oscillator clearly out performs the direct-coupled oscillator in 
 
Figure 2.9: Inductor layout for the partial-coupled and direct-coupled oscillators. At 4 GHz, L
I
 
= 1nH, L
I 
+ L
E
 = 2.5nH, Q
I  
= 8.5, Q
I+E
 = 12.5. 
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phase noise by approximately 5 dBc/Hz. The FOM, calculated using (1-3), is -17.6 dB for the 
direct-coupled oscillator and -12.7 dB for the partial-coupled oscillator.  This is a significant 
improvement given that the direct-coupled oscillator will, in turn, outperform an equivalently 
designed magnetic-coupled oscillator.    
 As mentioned previously, it is possible to improve the overall phase noise by increasing 
Icore in the direct-coupled oscillator.  To examine this option, Icore is increased from 1 mA to 3 mA 
in the direct-coupled oscillator.  Under this condition, the phase noise performance of the direct-
coupled oscillator matches that of the partial-coupled oscillator (see Fig. 2.11(a)).  As Itune is varied, 
it is seen in Fig. 2.11(b) that the partial-coupled oscillator dissipates less power up to a certain 
frequency.  After about 4.7 GHz, in this example, the power consumption of the partial-coupled 
oscillator becomes greater due to the lower value for α, and the need to increase the tuning current 
to achieve the same tuning range.  Therefore the partial-coupled oscillator will outperform the 
direct-coupled oscillator with equal phase noise if the tuning range is restricted.  This conclusion 
 
Figure 2.10: a) Simulated and theoretical tuning range for the partial-coupled and direct-
coupled oscillators, I
core 
= 1mA. b) Simulated phase error and phase noise at 1 MHz offset for 
partial-coupled and direct-coupled oscillators, I
core 
= 1mA. 
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is born out in the FOM of -15.8 dB for the direct-coupled oscillator and -13.6 dB for the partial-
coupled oscillator.  If the tuning range is large, however, then the direct-coupled oscillator gives 
better performance with a FOM of -15 dB versus -15.9 dB for the partial-coupled oscillator. 
2.5 Conclusion 
 In conclusion, this chapter introduces a new low phase noise current tuning technique, 
partial current coupling, and compares it to existing current tuning schemes, direct and magnetic 
coupling, in quadrature oscillators.  It is seen that the partial-coupled scheme achieves higher FOM 
when the current-based tuning range is limited.  As the current tuning range is extended, the 
increased power consumption cancels out the added gain in the FOM from the phase noise 
reduction in partial coupling.  Partial coupling should be chosen when phase noise is of utmost 
importance and a higher power budget can be tolerated in order to achieve a given tuning range. 
The magnetic-coupled scheme is suitable for applications where there is a limited power budget 
and fewer limitations on phase noise and die area.  The direct-coupled scheme should be chosen 
when die area is limited but moderate tuning range and phase noise are required.   
 
Figure 2.11: a) Simulated phase noise versus frequency and b) total power consumption versus 
frequency for the direct-coupled oscillator, I
core
 = 3 mA and the partial-coupled oscillator, I
core
 
= 1 mA.  
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CHAPTER 3: IMPROVING FIGURE OF MERIT IN DUAL-TANK TRANSFORMER-
BASED OSCILLATORS 
Another popular scheme that researchers have moved to in the recent years in both single 
phase and quadrature oscillators is coupled inductors oscillators (Fig. 3.1) [24-35].  Coupled 
inductors allow the oscillator to make use of the coupling between inductors instead of avoiding it 
when building on-chip LC oscillators with different frequency ranges.  Each additional tank in Fig. 
3.1 gives rise to an additional oscillation frequency and depending on the impedance at the active 
(turned on) input/output port, only one oscillation frequency of the three available is selected.  The 
result is one oscillator with an extended range of oscillation frequencies available through 
switching states by switching on input/output port one at a time [27].  The selection process will 
be more obvious when it is explained in more detail for transformer-based dual-tank oscillators.  
Dual-state implementation using transformers is the most commonly used form of coupled 
inductors [24-26, 29-35]. The reason is that more on-chip coupled inductors are likely to have 
more parasitic capacitance. Increasing the number of coupled inductors will require an additional 
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Figure 3.1: An example of a coupled inductors oscillator [27] 
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on-chip area or an additional layer of metal that is closer to the substrate and in both cases the 
parasitic capacitance between the inductor metal and the substrate increases and hence the self-
resonance frequency (the frequency at which the inductor start behaving like a capacitor due to 
parasitic capacitance) decreases which greatly limits the tuning range of the oscillator.  Also metal 
layers that are closer to the substrate tend to have lower quality factors because of the higher 
resistance metals used in most processes which increases the oscillator’s phase noise.  Therefore, 
T-based oscillators are making more appearance in the literature than three or more coupled 
inductors.  The operation of dual-state T-based oscillators is explained next. 
3.1 Dual-State Transformer-Based Oscillators   
The dual-state oscillation in dual-tank T-based oscillators can be explained using the T-
based one port oscillator in Fig. 3.2(a).  If the currents in the two windings are in phase then the 
magnetic flux adds up and the effective inductance of each winding increases. If the currents in 
the two windings are out of phase, then the magnetic flux cancels out and the effective inductance 
of each winding is reduced.  Therefore, when evaluating the impedance at any of the oscillator’s 
ports (1 or 2), two frequencies of oscillation are available, one when the two currents are in phase 
and the other when the two currents are out of phase.  The two possible oscillation frequencies of 
the system are derived in [29] as: 
 𝜔𝑜𝑠𝑐𝐿,𝐻
2 =
1+ 𝜉± √(1+𝜉)2−4𝜉(1−𝑘2)
2(1−𝑘2)
 𝜔2
2 (3-1) 
where 𝜔𝑜𝑠𝑐𝐿and 𝜔𝑜𝑠𝑐𝐻are the oscillation frequencies when the currents are in phase and out of 
phase, respectively, k is the coupling factor, 𝜉 = (
𝜔1
𝜔2
)
2
 .  The resonant frequencies, 𝜔1 and 𝜔2 are 
given as: 
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 𝜔1 =
1
√𝐿1𝐶1
 (3-2) 
and  
 𝜔2 =
1
√𝐿2𝐶2
. (3-3) 
The states of oscillation in (3-1) are selected using 𝜉.  The switching value of 𝜉 from the 
low, 𝜔𝑜𝑠𝑐𝐿, to the high state, 𝜔𝑜𝑠𝑐𝐻  of oscillation will depend on the coupling factor, k as shown 
in [29].  In general, higher values of 𝜉 moves the oscillation towards the high frequency state.  An 
example of how an impedance at the transformer-based dual-tank oscillator port might look is 
shown in Fig 3.2(b).  With a coupling factor of k = 0.45, when 𝜉 = 1, the low frequency state is the 
dominant state; around 𝜉 = 1.5, the oscillator switches to the high frequency state.   
In addition to the dual-state advantage, transformers are claimed to reduce the quality factor 
of the tank and hence improve phase noise performance when operating in the low frequency state, 
𝜔𝑜𝑠𝑐𝐿 in (3-1) [40].  The implemented oscillators demonstrate a noticeable improvement in phase 
noise performance [30, 31, 40-42].  
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Figure 3.2: a) Transformer-based oscillator example. b) Impedance looking into port1 
example 
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Although T-based oscillators have, in general, been shown to achieve higher FOMs than 
inductor-based (L-based) ones, their phase noise analysis is still lacking.  Unlike inductor-based 
oscillators’ phase noise that have been thoroughly investigated and analyzed in the literature [38, 
39, 43-50], expressions and concepts that are borrowed from L-based oscillator phase noise 
analysis are used for T-based oscillators without careful examination.  For example, the impulse 
sensitivity function (ISF) that explains the varying noise response of an oscillator over its 
oscillation cycle is assumed to be the same for both T-based and L-based oscillators [26].  
Furthermore, the quality factor in L-based oscillators is known to have an alternative definition 
commonly called the open loop quality factor [6].  Although the two definitions, open loop and 
traditional quality factors, are proven to be equivalent in L-based oscillators [6], it is not the case 
for T-based oscillators.  Yet, the open loop quality factor has been used frequently in the literature 
as being equivalent to the T-based traditional quality factor [26, 40-42].  This confusion along with 
using the wrong ISF have led to the wrong phase noise expressions in T-based oscillators.  The 
correct phase noise expression and the distinction between the traditional and the open loop quality 
factors allow for additional methods to improve the FOM of T-based oscillators as shown in the 
following analysis 
3.2 Phase Noise Analysis in Dual-Tank Transformer-Based Oscillators 
This Section introduces a new phase noise analysis for dual state transformer-based (T-
based) oscillators.  Through derivations, we show that the open loop quality factor definition, 
commonly used in LC oscillators, is not a valid alternative definition for quality factor in T-based 
oscillators.  We derive the traditional quality factor and the open loop quality factor for T-based 
oscillators.  Then, an in-depth phase noise analysis using the linear time variant model introduced 
by Hajimiri and Lee in [39] is used to investigate in detail the fundamental cause of the observed 
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phase noise reduction in T-based oscillators and its relationship to both the open loop and 
traditional quality factors.  A new impulse sensitivity function (ISF) for noise in the signal path of 
differential T-based oscillators is derived.  SpectreRF noise simulations are then used to verify the 
derived ISF of T-based oscillators. Then, using the new ISF, a T-based specific phase noise 
expressions are derived and then used to explore the effect of each quality factor on the phase noise 
performance of T-based oscillators.  The analysis covers two of the most popular T-based oscillator 
topologies: the one-port [24-30, 32-35, 40-41] (Fig. 3.3(a)) and the two-port [26, 29, 31, 34, 42] 
(Fig. 3.3(b)) oscillator.  Finally, simulations and experimental results are presented to show how 
the above information can be used to improve the FOM in T-based dual-tank oscillators.  
3.2.1 Traditional Quality Factor of Transformer-based Oscillators 
3.2.1.1 Traditional Quality Factor Mathematical Derivation 
The traditional energy-based definition of the oscillator quality factor is the ratio of the 
maximum energy stored in the oscillation tank to the average power dissipated per cycle, 
𝑄 = 𝜔𝑜𝐸𝑡𝑜𝑡/𝑃𝑎𝑣𝑒.  For the tank of a simple L-based oscillator, the traditional Q can be easily 
derived as:  
 𝑄 = 𝜔𝑜𝐿/𝑅𝑠  (3-4) 
where 𝑅𝑠 is the parasitic series resistance of the inductor and 𝜔𝑜 is the resonant frequency. 
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Figure 3.3: a) One-port T-based oscillator. b) Two-port T-based oscillator. 
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For a transformer-based dual-tank system (Fig. 3.4(a)), one can incorporate the mutual 
inductance into the model and use equivalent inductances and resistances in place of the 
transformer’s windings and their associated resistances (Fig. 3.4(b)).  The equivalent 
inductances, 𝐿𝑒𝑞1 and 𝐿𝑒𝑞2, reflect the change in the effective energy storing ability of 𝐿1  and 𝐿2 , 
respectively.  When the currents in the two tanks, i1 and i2, are in phase, the magnetic flux in the 
two windings sum, increasing the effective energy stored in each inductor (Fig. 3.4(a)).  When 
currents i1 and i2 are  out-of-phase, the magnetic flux in the two windings oppose each other, 
reducing the effective energy stored in each inductor. Fig. 3.4(b) represents the equivalent 
impedance model for the transformer-based dual-tank system, where in high Q approximation: 
 𝐿𝑒𝑞1 (𝑗𝜔) = 𝐿1  −
𝜔2𝑘2𝐿1𝐿2𝐶2
𝜔2𝐿2𝐶2−1
 (3-5) 
 𝑅𝑠𝑒𝑞1 (𝑗𝜔) = 𝑅1 +  
𝜔4𝑘2𝐿1𝐿2𝐶2
2
(𝜔2𝐿2𝐶2−1)2
𝑅2 (3-6) 
 𝐿𝑒𝑞2(𝑗𝜔) = 𝐿2  −
𝜔2𝑘2𝐿1𝐿2𝐶1
𝜔2𝐿1𝐶1−1
 (3-7) 
 𝑅𝑠𝑒𝑞2 (𝑗𝜔) = 𝑅2 +  
𝜔4𝑘2𝐿1𝐿2𝐶1
2
(𝜔2𝐿1𝐶1−1)2
𝑅1 (3-8) 
where k is the coupling coefficient, and 
 
𝑣2
𝑣1
=
𝑠𝑀
(𝑠𝐿1+𝑅1)(1+𝑠2𝐿2𝐶2+𝑠𝑅2𝐶2)−𝑠3𝑀2𝐶2
  (3-9) 
where M is the mutual inductance and defined as 𝑀 = 𝑘√𝐿1𝐿2.  
The presented impedance model simplifies the analysis of the traditional quality factor in 
T-based oscillators and allows for a similar analysis to the one used in L-based oscillators.  Similar 
to (3-4), the traditional quality factor at resonance for either primary or secondary tank in Fig. 
3.4(b) is going to be: 
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 𝑄𝑇𝑇𝑟𝑎𝑑𝑡 =
 𝜔𝑜𝑠𝑐𝐿𝑒𝑞𝑡|𝜔=𝜔𝑜𝑠𝑐
𝑅𝑠𝑒𝑞𝑡
|𝜔=𝜔𝑜𝑠𝑐
 (3-10) 
where t = 1 or 2 to represent the primary or secondary tank, respectively.  The oscillation 
frequency, 𝜔𝑜𝑠𝑐, 𝜔1, and 𝜔2 are defined for dual-tank transformer-based oscillators as in (3-1), (3-
2), and (3-3) respectively. 
 To examine the possibility of improvement in the traditional quality factor in any of the T-
based tanks, one can consider the primary tank as an example.  Assuming 𝜔1≈ 𝜔2, which is very 
close to most practical cases [24-35,40-42], then (3-1) reduces to: 
 𝜔𝑜𝑠𝑐𝐿,𝐻
2 =
1
(1±𝑘)𝐿1𝐶1
 . (3-11) 
Substituting  𝜔𝑜𝑠𝑐𝐿,𝐻 into (3-5) and (3-6), the traditional quality factor in (3-10) becomes: 
 𝑄𝑇𝑇𝑟𝑎𝑑1|𝜔1=𝜔2 =
 𝜔𝑜𝑠𝑐𝐿1(1±𝑘)
𝑅1(1+
𝑄1
𝑄2
)
 (3-12) 
where 𝑄1 =  𝜔𝑜𝑠𝑐𝐿1/𝐶1, and 𝑄2 =  𝜔𝑜𝑠𝑐𝐿2/𝐶2.  A positive sign in (3-12) is used when the 
oscillation frequency is given by 𝜔𝑜𝑠𝑐𝐿 (i.e., so-called low state) and a negative sign in (3-12) is 
used when the oscillation frequency is given by 𝜔𝑜𝑠𝑐𝐻  (i.e., so-called high state). 
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Figure 3.4: a) Schematic of a transformer-based oscillation tanks. 
b)  Equivalent model of the transformer-based oscillation tanks. 
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From (3-12) one notices that the traditional quality factor can only improve over that of the 
primary winding quality factor, 𝑄1, if the oscillator is operating in the low state.  In addition, it is 
also required that (1 + 𝑘) > (1 +
𝑄1
𝑄2
) or 𝑘 >  
𝑄1
𝑄2
 to achieve any improvement over the quality 
factor of the primary winding.  Given the common practice of selecting very similar inductors for 
the primary and secondary windings with 𝑄1 ≈ 𝑄2 in T-based oscillators [29, 32, 40-42], and given 
that k is always less than one, the traditional quality factor of the primary tank in a T-based dual-
tank system (Fig. 3.4(b)) hardly improves beyond that of the primary winding in most on-chip 
implementations.  The same analysis can be used for the traditional quality factor of the secondary 
tank, 𝑄𝑇𝑇𝑟𝑎𝑑2.   
3.2.1.2 Traditional Quality Factor Effect on Phase Noise Performance of T-based 
Oscillators 
 In an LC oscillatory system, the parallel RLC model is commonly used to estimate thermal 
noise from circuit loss.  This same concept can be applied to a T-based oscillator where the power 
spectral density (PSD) of the thermal noise current due the circuit loss can be defined as: 
 
𝑖𝑖
2̅
∆𝑓
=
4𝑘𝐵𝑇
𝑅𝑝𝑒𝑞
 (3-13)  
where 𝑅𝑝𝑒𝑞  is defined as: 
 𝑅𝑝𝑒𝑞𝑡 ≈
𝐿𝑒𝑞𝑡|𝜔=𝜔𝑜𝑠𝑐
𝐶𝑡𝑅𝑠𝑒𝑞𝑡
|𝜔=𝜔𝑜𝑠𝑐
  (3-14) 
where 𝑡 = 1 or 2 again represents the primary tank and the secondary tank, respectively. 
 Assuming a constant equivalent inductance, a lower 𝑄𝑇𝑇𝑟𝑎𝑑1 in a T-based oscillatory 
system indicates higher values of 𝑅𝑠𝑒𝑞  from the traditional quality factor defined in (3-10).  From 
(3-14), higher 𝑅𝑠𝑒𝑞  indicates lower values of 𝑅𝑝𝑒𝑞  and hence an increased thermal noise as shown 
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in (3-13).  There is also an additional decrease in phase noise performance due to the reduced 
output amplitude that comes with a reduced 𝑅𝑝𝑒𝑞 .   
 Given that the traditional quality factor for a T-based tank is expected to degrade or show 
little to no improvement over the quality factor of the primary winding only, in most practical on-
chip cases, then the phase noise performance will be affected negatively or at best have a slight 
unnoticeable improvement.  Yet, phase noise performance in T-based oscillators shows an obvious 
improvement over L-based oscillators in many implemented systems [26, 29, 31, 40-42].  The 
reason for the observed improvement can be traced to an improvement in the open-loop quality 
factor.  In oscillator design there are two different expressions for quality factor that are commonly 
used for phase noise analysis: the traditional quality factor (such as defined in (3-10)) and the open 
loop quality factor.  In L-based oscillators, it has been shown that the traditional quality factor and 
the open loop quality factor are equal [6].  In the analysis of T-based oscillators, researchers have 
incorrectly assumed that, like L-based oscillators, the traditional and open loop quality factors are 
equal.  In the next Section, the open loop quality factor for T-based oscillators is derived and it is 
shown to be different from the traditional quality factor defined in (3-10). 
3.2.2 Open-loop Quality Factor of Transformer-based Oscillators 
The open loop quality factor is defined by Razavi in [6] as the measure of how much phase 
correction the closed loop system is able to generate to oppose changes in the oscillation frequency 
and can be expressed as:  
 𝑄𝑂𝐿𝑜𝑜𝑝 =
𝜔𝑜
2
|
𝑑𝜙
𝑑𝜔
| (3-15) 
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where  𝜔𝑜 is the oscillation frequency and 𝜙 is the phase shift of the open loop transfer function, 
H(s).  The feedback model of two commonly used T-based oscillator architectures is illustrated in 
Fig. 3.5.   
 For L-based oscillators, the open loop quality factor is equal to the previously defined 
traditional quality factor in (3-4) [6].  In this Sub-section, we will derive the open loop Q for one- 
and two-port dual-state T-based oscillators showing that in T-based oscillators the traditional and 
the open loop quality factors are indeed different.   
3.2.2.1 Open-Loop Quality Factor for One-port T-Based Oscillators 
 The open loop transfer function of the one-port T-based oscillator (Fig. 3.5(a)) can be 
defined as: 
 𝐻(𝑠) = 𝑔𝑚1 ((𝑅𝑠𝑒𝑞1 + 𝑠𝐿𝑒𝑞1) || (
1
𝑠𝐶1
))  (3-16) 
Leq1
Rseq1
C1
H(s) = V1_out(s) /V1_in(s)
-
+
-
gm1
V1_in(s)
+
Noise
+
H(s) = V (s) /V (s)
(a)
V1_out(s)
  n
Leq1
Rseq1
C1
V1_out(s)
-
+
-
gm2
V2_in(s)
+
Noise
+
v2/v1
-
+
H(s) = V2_out(s) /V2_in(s)
(a)
(b)
V2_out(s)
  n
 
Figure 3.5: a) One-port T-based oscillatory system. b) Two-port T-based oscillatory 
system. 
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where 𝑔𝑚1 is the small signal transconductance of the restorative system.  The phase shift of the 
open loop transfer function can then be derived as: 
 𝜙(𝜔) =
𝜋
2
− 𝑡𝑎𝑛−1 (
𝑅𝑠𝑒𝑞1
−𝜔3𝐶1𝐿𝑒𝑞1
2 −𝜔𝐶1𝑅𝑠𝑒𝑞1
2 +𝜔𝐿𝑒𝑞1
) (3-17) 
where 𝐿𝑒𝑞1= 𝐿𝑒𝑞1(𝑗𝜔) and 𝑅𝑠𝑒𝑞1= 𝑅𝑠𝑒𝑞1(𝑗𝜔) are defined in (3-5) and (3-6).  Assuming a high 
traditional quality factor, differentiating (3-17) with respect to 𝜔, and evaluating the derivative at 
𝜔𝑜𝑠𝑐𝐻,𝐿 results in: 
 
𝑑𝜙
𝑑𝜔
|𝜔=𝜔𝑜𝑠𝑐𝐿,𝐻   =  −
2𝐿𝑒𝑞1+ 𝜔𝑜𝑠𝑐𝐻,𝐿  
𝑑𝐿𝑒𝑞1
𝑑𝜔
|𝜔=𝜔𝑜𝑠𝑐𝐿,𝐻
𝑅𝑠𝑒𝑞1
= −
2
(𝛼−1)𝑅𝑠𝑒𝑞1
((𝛼 − 2)𝐿𝑒𝑞1 + 𝐿1)(3-18) 
where  𝛼 = (𝜔𝑜𝑠𝑐𝐿,𝐻/𝜔2 )
2, 𝐿𝑒𝑞1 =  𝐿𝑒𝑞1|𝜔=𝜔𝑜𝑠𝑐𝐿,𝐻 , and 𝑅𝑠𝑒𝑞1 = 𝑅𝑠𝑒𝑞1|𝜔=𝜔𝑜𝑠𝑐𝐿,𝐻 . 
 Substituting for 
𝑑𝜙
𝑑𝜔
 in (3-15), the open loop quality factor for the one-port T-based oscillator 
at 𝜔𝑜𝑠𝑐𝐿,𝐻  is: 
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝1𝑃
=
𝛼(1+
1
𝜉
)−2 
(𝛼−1)
 𝑄𝑇𝑇𝑟𝑎𝑑1 (3-19) 
where   𝑄𝑇𝑇𝑟𝑎𝑑1 is the traditional quality factor of the primary tank of the T-based resonator defined 
in (3-10).   
Assuming 𝜔1 ≈ 𝜔2, then the open loop quality factor at 𝜔𝑜𝑠𝑐𝐿,𝐻 simplifies to: 
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝1𝑃
|𝜔1=𝜔2  =  2  𝑄𝑇𝑇𝑟𝑎𝑑1|𝜔1=𝜔2 (3-20a) 
or: 
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝1𝑃
|𝜔1=𝜔2 = 𝜔𝑜𝑠𝑐 𝐿,𝐻𝐿1(1 ± 𝑘)/𝑅1. (3-20b) 
 This means that when 𝜔1 ≈ 𝜔2, 𝑄1 ≈ 𝑄2, and the system is oscillating at 𝜔𝑜𝑠𝑐 𝐿, a (1+k) 
improvement is achieved in open loop quality factor over the primary winding’s quality factor, 𝑄1.  
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This conclusion justifies the enhancement in the quality factor of T-based oscillators claimed in 
the literature [40-42].  Yet, it has to be noted that this improvement in the open loop quality factor 
in T-based oscillators does not necessarily mean an improvement in the quality factor as defined 
in (3-10).   
3.2.2.2 Open Loop Quality Factor for Two-port T-Based Oscillators 
 The open loop transfer function of the two-port T-based oscillator (Fig. 3.5(b)) is defined 
as: 
 𝐻(𝑠) = 𝑔𝑚2 ∗ ((𝑅𝑠𝑒𝑞1 + 𝑠𝐿𝑒𝑞1) || (
1
𝑠𝐶1
)) ∗
𝑉2
𝑉1
 (3-21) 
where 𝑉2/𝑉1 is defined as in (3-9).  
Then the phase shift of the open loop transfer function can be derived as: 
 𝜙(𝜔) =
𝜋
2
− 𝑡𝑎𝑛−1 (
𝑅𝑠𝑒𝑞1
−𝜔3𝐶1𝐿𝑒𝑞1
2 −𝜔𝐶1𝑅𝑠𝑒𝑞1
2 +𝜔𝐿𝑒𝑞1
) +  𝜓 (3-22) 
where  𝜓 is the phase shift  of  𝑉2/𝑉1 at 𝜔 and defined as: 
 𝜓 = 𝑡𝑎𝑛−1 (
1−(𝜔/𝜔2)
2 (𝑄1/𝑄2+ 1)
𝑄1(1−(𝜔/𝜔2)2(1−𝑘2))
) (3-23) 
where 𝑄1 =  𝜔𝐿1/𝑅1  and 𝑄2 = 𝜔𝐿2/𝑅2 are the quality factors of the transformer’s primary and 
secondary windings at an angular frequency 𝜔, respectively. 
Comparing (3-22) to (3-17), there is the additional term 𝜓 in (3-22) so the open-loop quality 
factor can be derived simply by differentiating 𝜓 with respect to 𝜔: 
 
𝑑𝜓
𝑑𝜔
|𝜔=𝜔𝑜𝑠𝑐𝐿,𝐻 =
−𝛼∗𝐿1/𝑅1(
𝑄1
𝑄2
+1)
(1−𝛼 (𝑄1/𝑄2+ 1))2+𝑄1
2(1−𝛼(1−𝑘2))
2
  
. (3-24) 
Assuming 𝜔1 ≈ 𝜔2 and 𝑄1 ≈ 𝑄2, then: 
 
𝑑𝜓
𝑑𝜔
|𝜔=𝜔𝑜𝑠𝑐𝐿,𝐻 =
−2
𝜔𝑜𝑠𝑐𝐿,𝐻𝑄1𝑘
2(1±𝑘)
 . (3-25) 
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Comparing (3-25) to (3-18), one can see that when 𝑄1 and 𝑄2 are large, the effect of 𝜓 on the open 
loop quality factor can be ignored when 𝑘 > 0.4.  The coupling coefficient is commonly chosen 
to be around 0.5 in previously implemented two-port oscillators [24, 26, 31], meaning that in this 
case, the open loop quality factor for a two-port T-based oscillator is the same as the one port 
system and can be expressed as: 
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝2𝑃(𝑘>0.4)
≈ 𝑄𝑇𝑂𝐿𝑜𝑜𝑝1𝑃 =
𝛼(1+
1
𝜉
)−2 
(𝛼−1)
 𝑄𝑇𝑇𝑟𝑎𝑑1. (3-26) 
 This is an expected result because when 
𝑑𝜓
𝑑𝜔
 is very small, it means that both tanks have the 
same phase reaction to changes in the frequency of oscillation.  In short, assuming high 𝑄1 and 𝑄2, 
𝜔1 ≈ 𝜔2, 𝑄1 ≈ 𝑄2, and 𝑘 ≥ 0.4, the open loop quality factors for the one-port and two-port 
configurations in T-based oscillators are equivalent.   
3.2.2.3 Effect of Open Loop Quality Factor on Phase Noise 
The open loop quality factor has a significant effect on oscillator phase noise since a higher 
value means that the closed loop system has more resistance to changes/noise in the phase.  In 
other words, the oscillator transfer function will have a narrower bandwidth.  The enhanced noise 
filtering (due to the larger open loop Q) in the T-based oscillator explains the observed 
improvement in phase noise of T-based resonators despite the possible degradation in the 
traditional Q as discussed above.   
 The mathematical relationship between the open loop quality factor and the 1/f2 phase noise 
can be derived using the transfer function approach.  In this approach one looks at the closed loop 
tank impedance at an offset Δω from the oscillation frequency 𝜔𝑜𝑠𝑐𝐿,𝐻.  Noise currents injected 
into the signal path are transformed into noise voltage through this impedance.  The noise voltage 
then manifests itself at the output as phase and/or amplitude noise.  Since the real part of the 
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impedance is cancelled by the restoration system (active circuitry), the closed loop system is 
considered lossless.   
 For the one-port T-based oscillators (Fig. 3.5(a)), the lossless tank impedance at (𝜔𝑜𝑠𝑐𝐿,𝐻  
+Δω) can be expressed as:  
 𝑍1(𝜔𝑜𝑠𝑐𝐿,𝐻 + ∆𝜔) ≈  
𝑗(𝜔𝑜𝑠𝑐𝐿,𝐻+ ∆𝜔)∗𝐿𝑒𝑞1|𝜔=(𝜔𝑜𝑠𝑐𝐿,𝐻+∆𝜔)
1−(𝜔𝑜𝑠𝑐𝐿,𝐻+ ∆𝜔)
2
𝐶1𝐿𝑒𝑞1|𝜔=(𝜔𝑜𝑠𝑐𝐿,𝐻+∆𝜔)
 (3-27) 
where Leq1 is defined as in (3-5).  After simplification, (3-27) reduces to:  
 𝑍1(𝜔𝑜𝑠𝑐𝐿,𝐻 + ∆𝜔) ≈  
−𝑗
2∆𝜔𝐶1 
𝛼−1
𝛼(1+
1
𝜉
)−2
. (3-28) 
Using the definition for open loop quality factor for T-based oscillators in (3-19), the magnitude 
of the closed loop impedance for the one-port configuration can be expressed as: 
 |𝑍1(𝜔𝑜𝑠𝑐𝐿,𝐻 + ∆𝜔)| ≈
1
2∆𝜔𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
 (3-29) 
where 𝑄𝑇𝑇𝑟𝑎𝑑1 and 𝑄𝑇𝑂𝐿𝑜𝑜𝑝 are defined in (3-10) and (3-19), respectively.  For the two-port 
configuration (Fig. 3.5(b)), the lossless tank impedance is: 
 𝑍2(𝜔𝑜𝑠𝑐𝐿,𝐻 + ∆𝜔) ≈  
−𝑗
2∆𝜔𝐶1 
𝛼−1
𝛼(1+
1
𝜉
)−2
𝑉2
𝑉1
 (3-30) 
where: 
 
𝑉2
𝑉1
|𝜔𝑜𝑠𝑐𝐿,𝐻+∆𝜔  ≈ 𝑘√
𝐿2
𝐿1
1
1−𝛼(1−𝑘2)(1+2
∆𝜔
𝜔𝑜𝑠𝑐𝐿,𝐻
)
 . (3-31) 
Assuming 𝜔1 ≈ 𝜔2 and ∆𝜔 ≪  𝜔𝑜𝑠𝑐𝐿,𝐻 , (3-31) can be simplified to: 
 
𝑉2
𝑉1
|𝜔𝑜𝑠𝑐𝐿,𝐻+∆𝜔  ≈
𝐴2
𝐴1
1
(−2
∆𝜔
𝑘𝜔𝑜𝑠𝑐𝐿,𝐻
±1)
  (3-32) 
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where 𝐴1 = 𝑉1|𝜔𝑜𝑠𝑐𝐿,𝐻  and 𝐴2 = 𝑉2|𝜔𝑜𝑠𝑐𝐿,𝐻   are the amplitudes of the output voltages of the 
primary and secondary oscillation tanks at 𝜔𝑜𝑠𝑐𝐿,𝐻, respectively, and the ‘+’ sign is used in the low-
frequency oscillation state and the ‘-‘ sign is used in the high-frequency state of oscillation. 
 Since the coupling coefficient is commonly higher than 0.4 in most implemented dual-state 
two-port oscillators [26, 31, 42], (3-32) reduces to 𝐴2/𝐴1.  Then, the magnitude of the closed loop 
impedance in (3-30) can be written as: 
 |𝑍2(𝜔𝑜𝑠𝑐𝐻,𝐿 + ∆𝜔)| ≈
1
2∆𝜔𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝐴2
𝐴1
. (3-33) 
Using (3-29) and (3-33), the spectral density of the mean square noise voltage in one-port T-based 
oscillators is: 
 
𝑣𝑛
2̅̅̅̅
∆𝑓
=  
𝑖𝑛
2̅̅̅
∆𝑓
 . |𝑍1(𝜔𝑜𝑠𝑐𝐻,𝐿 + ∆𝜔)|
2
=
𝑖𝑛
2̅̅̅
∆𝑓
. (
1
2∆𝜔𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
, (3-34) 
and for two-port T-based oscillators is: 
 
𝑣𝑛
2̅̅̅̅
∆𝑓
=  
𝑖𝑛
2̅̅̅
∆𝑓
 . |𝑍1(𝜔𝑜𝑠𝑐𝐻,𝐿 + ∆𝜔)|
2
=
𝑖𝑛
2̅̅̅
∆𝑓
. (
1
2∆𝜔𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝐴2
𝐴1
)
2
. (3-35) 
 Notice from the above equations that the filtering power of the T-based oscillator depends 
on the ratio of the traditional quality factor to the open loop quality factor.  The smaller this ratio 
the lower the noise power at the output.  Although that might indicate that smaller traditional 
quality factor might be better for phase noise performance, this is not true as we shall see in the 
complete phase noise expression later on in Sub-section 3.2.3.4. 
The noise transfer function described above can be easily used for deriving 1/f2 phase noise 
in the linear time invariant (LTI) model which is the model used for the Lesson’s equation defined 
in (1-1).  Because the 1/f2 phase noise derivation in the LTI and LTV models is the most straight 
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forward, it is used in here as a tool for deriving the ISF in T-based oscillators.  In the LTI model it 
is assumed that the statistical value of a random noise source does not vary over a single period of 
oscillation, the output of the oscillator is well-approximated by a sinusoid, and the total noise is 
dominated by noise sources near the frequency of oscillation.  For all other situations, such as 
cyclo-stationary noise sources (e.g. random noise from active devices), the linear time variant 
(LTV) model must be used [39].  In the following Sub-section, we will show how we can use the 
LTI model to derive the general ISF function necessary for the LTV model. 
3.2.3 Derivation of the Impulse Sensitivity Function for T-Based Oscillators 
 The ISF defines the amount of the phase shift in the output signal resulting from a unit 
impulse at a time relative to the oscillation period [39].  In other words, it defines how much of 
the noise power at the output is indeed phase noise and not amplitude noise.  In the LTV model, 
for an L-based oscillator, 1/f2 phase noise at an offset ∆𝜔 from a noise current with a PSD value 
of  𝑖𝑛2̅ /∆𝑓  can be expressed as [46]: 
 ℒ(∆𝜔) = 10 log (
Γ𝑟𝑚𝑠
2 𝑖𝑛
2̅̅̅ /∆𝑓
2𝐶2𝐴2𝛥𝜔2
 ) (3-36) 
where 𝐶 is the tank capacitance, 𝐴 is the output signal amplitude at resonance, and  Γ𝑟𝑚𝑠
2  is the 
mean square value of the impulse sensitivity function (ISF).   
 As mentioned earlier, the LTV model can be successfully used for all types of noise 
sources, whereas the LTI model is only valid for predicting noise in certain situations, such as the 
noise from the parallel resistance in the tank.  Our approach in calculating the impulse sensitivity 
function is to calculate phase noise for an appropriate noise source using the LTI model.  Then, by 
equating the resulting expression with the expression for the LTV model, (3-36), we find the mean 
square value of the ISF for T-based oscillators.  The full expression of the ISF is then verified 
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using the closed-form formula and the simulation methods suggested in [39].  Then, by equating 
the resulting expression with the expression for the LTV model, (3-36), we find the mean square 
value of the ISF for T-based oscillators.  The full expression of the ISF is then verified using the 
closed-form formula and the simulation methods suggested in [39].   
3.2.3.1 Derivation of the ISF Mean Square Value  
 The general definition of a single sided phase noise at an offset ∆𝜔 is: 
 ℒ(∆𝜔) = 10 log (
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃ℎ𝑎𝑠𝑒 𝑁𝑜𝑖𝑠𝑒 𝑃𝑜𝑤𝑒𝑟 𝑎𝑡 ∆𝜔  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝑖𝑔𝑛𝑎𝑙 𝑃𝑜𝑤𝑒𝑟 
). (3-37) 
Using (3-34) and (3-35), the phase noise at ∆𝜔 from a random noise source at the input with a 
PSD, 𝑖𝑛2̅ /∆𝑓 according to the LTI model can be easily derived for single phase one-port and two-
port T-based oscillators as:  
 ℒ𝑠𝑝(∆𝜔) = 10 log (
𝑖𝑛
2̅̅̅ /∆𝑓
2𝐶1
2𝐴1
2𝛥𝜔2
 (
𝑄𝑇_𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
). (3-38) 
 The only issue with the LTI model is that it over estimates phase noise by a factor of two 
because it accounts for amplitude noise as well as phase noise.  In order to consider phase noise 
only, the noise power in the above expression should be divided by 2 [39].  Then, by equating the 
resulting phase noise from the LTI model to the phase noise in the LTV model in (3-36), we 
conclude that the mean square value of the general ISF function for a random noise source inserted 
into the input of the single phase one-port T-based oscillator (Fig. 3.5(a)) is:  
 Γ𝑟𝑚𝑠1𝑝𝑠𝑝
2 = 
1
2
(
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
.  (3-39) 
 For the two-port T-based oscillators, for a noise source at the input and taking the output 
as the voltage drop across the secondary tank (Fig. 3(b)), the ISF is: 
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  Γ𝑟𝑚𝑠2𝑝𝑠𝑝
2  = 
1
2
(
𝐶2𝐴2
𝐶1𝐴1
)
2
(
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
 (3-40) 
where 𝐶1 and 𝐶2 are the capacitors in the primary and secondary tanks, respectively and 𝐴1 and 𝐴2 
are the amplitudes of the output voltages across the primary and secondary tank, respectively. 
3.2.3.2 Derivation of the ISF using Closed-Form Formula 
To verify the correctness of the mean square value derived above in (3-39) and (3-40) and 
to obtain the full expression of the ISF, the closed form formula suggested in [39] is applied to 
transformer-based oscillators.  The excess phase due to a current impulse on the 𝑖𝑡ℎ node is:   
 Δ𝜙𝑖 =
2𝜋
𝑇
Δ𝑉𝑖
?̇?𝑖
|?̅?|2̇
 (3-41) 
where |?̅?|2̇  is the norm of the first derivative of the wave form vector, ?̇?𝑖 is the derivative of the 
voltage at the 𝑖𝑡ℎ node, 𝑇 is the period of oscillation, and Δ𝑉𝑖 is the excess voltage caused at the 
current impulse at 𝑖𝑡ℎ node.  Given the tank impedance defined in (3-29), Δ𝑉𝑖 at (𝜔𝑜𝑠𝑐𝐿,𝐻 + ∆𝜔) 
can be defined as:  
 Δ𝑉𝑖1𝑝 =
Δ𝑞𝑖
𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
,  (3-42) 
where Δ𝑞𝑖 is the excess charge caused by the current impulse at the 𝑖
𝑡ℎ node.  Assuming a 
sinusoidal output and using results from [47], the excess phase shift in (3-41) for the multi-phase 
one-port T-based oscillator can now be written as: 
 Δ𝜙𝑖1𝑝𝑠𝑝 =
2𝜋
𝑇
Δ𝑞𝑖
𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝐴1𝜔𝑜𝑠𝑐𝐻,𝐿 cos(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡)
𝐴1
2𝜔𝑜𝑠𝑐𝐻,𝐿
2 𝑆 
Δ𝑞𝑖 
𝑞𝑚𝑎𝑥
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
cos(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡),  (3-43) 
where 𝑞𝑚𝑎𝑥 is the maximum signal charge stored in 𝐶1 across the oscillation period and 𝑆 is 
defined as in [47]: 
𝑆 = [sin2(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡 + Φ0) + cos
2(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡 + Φ0)] + ⋯ + 
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     [sin2(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡 + Φ𝑛) + cos
2(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡 + Φ𝑛)] = 𝑛 (3-44)  
where 𝑛 is the number of phases, and Φ𝑗 is the phase offset between the voltages at nodes j and i.  
Then, following [40, 47], the ISF for the multi-phase one-port T-based oscillator is: 
 Γ𝑇−𝑏𝑎𝑠𝑒𝑑1𝑝 =  
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝑐𝑜𝑠(𝜔𝑜𝑠𝑐𝐿𝑡)
𝑛
  . (3-45) 
 For the two-port T-based oscillators, using the tank impedance defined in (3-33), Δ𝑉𝑖 is 
defined as: 
 Δ𝑉𝑖2𝑝 ≈
Δ𝑞𝑖
𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝐴2
𝐴1
,  (3-46) 
assuming 𝑉2/𝑉1 |𝜔𝑜𝑠𝑐𝐿,𝐻+∆𝜔  ≈ 𝐴2/𝐴1 .  Then, following the same steps as above, the phase excess 
at the output node of the multi-phase two port T-based system is: 
 Δ𝜙𝑖2𝑝 =
2𝜋
𝑇
Δ𝑞𝑖
𝐶1
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝐴2
𝐴1
𝐴2𝜔𝑜𝑠𝑐𝐻,𝐿 cos(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡)
𝐴2
2𝜔𝑜𝑠𝑐𝐻,𝐿
2  𝑆
 
 =
Δ𝑞𝑖 
𝑞𝑚𝑎𝑥
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
𝐴2𝐶2
𝐴1𝐶1
 cos(𝜔𝑜𝑠𝑐𝐻,𝐿𝑡)
𝑆
   ,  (3-47) 
where 𝑞𝑚𝑎𝑥 this time is the maximum signal charge stored in 𝐶2 (not 𝐶1) across the oscillation 
period.  Then, the ISF for the two-port T-based oscillators is simply defined as: 
 Γ𝑇−𝑏𝑎𝑠𝑒𝑑2𝑃 =
cos(𝜔𝑜𝑠𝑐𝐿𝑡)
𝑛
𝐶2𝐴2
𝐶1𝐴1
(
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
). (3-48) 
The derived ISFs in (3-45) and (3-48) agree with previously derived mean square values of the 
ISFs in (3-39) and (3-40).  Yet, according to [39], deriving ISF using simulation method remains 
to be the most accurate technique.  Therefore, the following Sub-section is used to further confirm 
the above derived expressions.  
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3.2.3.3 Derivation of the ISF through Simulation   
 In this Sub-section, a simulation method is used to calculate the ISF of T-based oscillators 
as suggested in the appendix of [39].  In this method, a test impulse current is injected into the tank 
in parallel with the noise source at different times relative to the oscillation period.  Then, the 
resulting time shift 𝛥𝑡 in the output signal is measured for every impulse and the phase shift of the 
output signal 𝛥𝜙 is calculated using 𝛥𝜙 = 2𝜋𝛥𝑡/𝑇, where T is the period of oscillation.  Finally, 
the impulse sensitivity function is then calculated by multiplying the phase shift per unit impulse 
by the maximum charge, 𝑞𝑚𝑎𝑥 = 𝐶𝑡𝐴𝑡, where t represents the tank to which the impulse is applied.   
 The ISF for three different example oscillators, a one-port T-based (Fig. 3.6(a)), a two-port 
T-based (Fig. 3.6(b)), and an L-based oscillator are compared via simulation.  Comparing the ISFs 
of T-based to L-based shows the reason T-based oscillators can provide more noise filtering than 
L-based oscillators.  For better phase noise performance, higher coupling and higher quality factors 
for the transformer windings are targeted.  So when designing the T-based oscillators, an inter-
leaved transformer layout is used.  Agilent ADS Momentum was used to extract the primary 
inductance L1= 1.48 nH, Q1 = 25, secondary inductance L2 = 0.780 nH, Q2 = 21.3 and coupling 
out-out+
Ibias
M1 M2
L1b
L2b
L1a
L2a
C1
C2
Ipulse 
out-out+
M1
L1b
L2b
L1a
L2a
C1
C2
M2
Ibias
Ipulse 
L
(b)(a)
L2
L1
200 µm
170 µm
(b)(a)
(c)  
Figure 3.6: a) Differential one-port T-based oscillator. b) Differential two-port T-based 
oscillator c) Inter-leaved transformer layout used in ISF simulations. 
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factor, k =0.8 of the layout in Fig. 3.6(c) at 
5GHz.  As previously shown, the 
improvement in the open loop quality 
factor is expected only when the oscillator 
is operating in the low frequency state of 
oscillation, 𝜔𝑜𝑠𝑐𝐿.  To ensure this, the 
oscillation frequency is set to 5 GHz and 
𝜔1/𝜔2 ≈ 0.9.  For comparison purposes, 
an L-based oscillator, in which the 
transformer and the secondary tank 
capacitance in (Fig. 3.6 (a)) are replaced with a simple inductor that has an equivalent inductance 
and traditional quality factor to the one port T-based tank, is also simulated.  The same output 
voltage amplitude is maintained in all three oscillators. 
 The ISFs are calculated from simulations as explained at the beginning of this Sub-section.  
The output waveform of the three oscillators can be represented by a normalized sine wave as 
shown in Fig. 3.7.  The ISF associated with the noise inserted into the oscillation tank for the multi-
phase L-based oscillator is in agreement with the expression derived in [47]:  
 Γ𝐿−𝑏𝑎𝑠𝑒𝑑 =
cos(𝜔𝑜𝑠𝑐 𝑡)
𝑛
 (3-49) 
where 𝑛 = 2 in this case to represent the two phases of a differential single-ended output.  From  
Fig. 3.7, The ISF functions of the T-based oscillators are noticed to be in quadrature with the output 
signal, similar to the ISF in L-based oscillators.  The derived expressions in (3-45) and (3-48) are 
plotted in Fig. 3.7 and in good agreement to simulated values.   
(49)
(48)
(45)
Figure 3.7:  Normalized output voltage and 
simulated and theoretical ISFs for the one-port T-
based oscillator tank, its equivalent L-based 
oscillator tank, and two-port T-based oscillator 
tank for a single-ended output in differential 
oscillators.  
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 In the following Sub-section, we will replace the commonly used L-based ISF with the 
derived T-based ISF and appropriately use the traditional quality factor to derive a complete and 
accurate phase noise expression for the 1/f2 phase noise in differential T-based oscillators.  This 
expression is then compared to the currently used phase noise expression in the literature and 
shown to have more accurate results. 
3.2.3.4 Derivation and Simulations of 1/f2 Phase Noise in T-based Oscillators to Verify the 
Derived ISF 
To further validate the above T-based ISF and the expressions obtained for the open loop 
and the traditional quality factors, the phase noise in differential T-based oscillators is calculated 
and results are compared to SpectreRF simulations.   
In one-port T-based oscillators, there are two main sources of white noise, the parallel tank 
resistance, 𝑅𝑝𝑒𝑞1, and the restorative system, M1-M2 in Fig. 3.6(a).  The general ISF rms value for 
the one-port T-based oscillators in (3-39) can be used to replace the L-based ISF in the phase noise 
expression derived in [48].  Then, 1/f2 phase noise for the one-port T-based differential oscillators 
at the single-ended output can be derived as: 
 ℒ1−𝑝𝑜𝑟𝑡{∆𝜔} = 10 log (
𝜔𝑜𝑠𝑐𝐿,𝐻𝑘𝐵𝑇
2𝐶1𝑄𝑇𝑡𝑟𝑎𝑑1
𝐴1
2𝛥𝜔2
 (
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑂𝑂𝑝
)
2
(1 + 𝛾)) (3-50) 
where T is the absolute temperature, 𝑘𝐵 is Boltzmann constant, 2C1 is the capacitance of half of 
the primary tank, 𝐴1 is the single-ended output signal amplitude.   
 For the two-port T-based oscillators (Fig. 3.6(b)), the noise sources remain the same as in 
the one-port case.  Using the ISF rms value defined in (3-40), and following the same approach as 
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in [49, 50], the phase noise at the single-ended output of the two-port differential T-based oscillator 
is: 
 ℒ2−𝑝𝑜𝑟𝑡{∆𝜔} = 10 log (
𝜔𝑜𝑠𝑐𝑘𝐵𝑇
2𝐶1𝑄𝑇𝑡𝑟𝑎𝑑1
𝐴1
2𝛥𝜔2
 (
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑂𝑂𝑝
)
2
(1 +
𝐴1
𝐴2
𝛾)) (3-51) 
where 𝐴1 and 𝐴2 are the single-ended output signal amplitudes of the primary and secondary 
oscillation tanks at 𝜔𝑜𝑠𝑐, respectively.   
 To be able to compare the calculated contributions of different thermal noise sources in the 
circuit to simulations using SpectreRF, the same definition for phase noise that is used by 
SpectreRF is also used in this work [49]:  
 𝐿(Δ𝜔) = 10 log (
2
𝐴0
2 ∑ 𝑁𝐿,𝑖𝑖 ) (3-52) 
where 𝑁𝐿,𝑖 is defined as the noise contribution from source i and 𝐴0 is the amplitude of oscillation.  
For 1/f2 phase noise, 𝑁𝐿,𝑖, can be derived by equating (3-36) and (3-52):  
 𝑁𝐿,𝑖 =
Γ𝑟𝑚𝑠
2 𝑖𝑖
2̅/∆𝑓
2𝐶2𝐴𝑜
2𝛥𝜔2
  
𝐴𝑜
2
2
. (3-53) 
 Previously derived expressions for the 1/f2 phase noise in L-based differential oscillators 
[48, 49] were misused in T-based oscillators.  For example in [26], the phase noise expression for 
a T-based oscillator was derived using the open loop quality factor in place of the traditional quality 
factor and the L-based ISF instead of the T-based ISF.  The phase noise expressions obtained from 
[26] for the T-based differential oscillators are: 
 ℒ1−𝑝𝑜𝑟𝑡[26]{∆𝜔} = 10 log (
𝜔𝑜𝑠𝑐𝑘𝐵𝑇
𝐶𝑄11𝐴11
2 𝛥𝜔2
 (1 + 𝛾)), (3-54) 
 ℒ2−𝑝𝑜𝑟𝑡[26]{∆𝜔} = 10 log (
𝜔𝑜𝑠𝑐𝑘𝐵𝑇
𝐶𝑄21𝐴21
2 𝛥𝜔2
 (1 +
𝛾
𝐾𝐺𝐷
)) (3-55) 
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where, using Fig. 3.6(a-b), 𝜔𝑜𝑠𝑐 is the oscillation frequency as defined in (3-1), 𝐾𝐺𝐷 = 𝐴2 /𝐴1, for 
a single-ended output 𝐶 = 2𝐶1 in the 1-port model and 𝐶 = 2𝐶2 in the  2-port model, 𝐴11, 
𝐴21, 𝑄11and 𝑄21are the single-ended output amplitudes (𝐴1, 𝐴2 in our case) and the open-loop 
quality factors in the 1-port and 2-port models, respectively, and in high Q approximation, 𝑄11 =
𝑄21 [26].  The expression for open loop quality factor derived in [26] is also equivalent to the 
previously derived open loop quality factors in (3-19) and (3-26) ignoring the quality factor of the 
capacitors.  There are two issues with (3-54) and (3-55), however.  First, the L-based ISF is used 
for T-based oscillators.  Second, referring to the original expressions of phase noise in [48, 49], 
𝑄11 substitutes for 𝜔𝑜𝑠𝑐𝐶𝑅𝑡, where 𝑅𝑡 is the tank resistance and is equivalent to 𝑅𝑝𝑒𝑞  in the our 
case.  As shown above, this definition of 𝑄11 is equivalent to the traditional quality factor for T-
based oscillators (3-10) and is not the same as the open loop quality factor (3-19).  As shown in 
the following simulations, these two issues can cause an error of more than a 100% in estimating 
noise contributions from different sources.  When these two issues are addressed, accurate 
expressions for 1/f2 phase noise in T-based oscillators can be achieved, and the error in noise 
contributions values with respect to simulations is decreased to an average of 3%.   
 Equating (3-54) and (3-55), obtained from [26], to (3-52), the following noise contributions 
for the resistive source, 𝑁𝐿,𝑅, and the switching transistors, 𝑁𝐿,𝑇 in the one-port T-based differential 
oscillator are obtained: 
 𝑁𝐿,𝑅(54) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶1𝑄11 𝛥𝜔2
 , (3-56) 
 𝑁𝐿,𝑇(54) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶1𝑄11 𝛥𝜔2
 𝛾, (3-57) 
and for the two-port T-based differential oscillator: 
 𝑁𝐿,𝑅(55) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶2𝑄21 𝛥𝜔2
 , (3-58) 
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 𝑁𝐿,𝑇(55) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶2𝑄21 𝛥𝜔2
 
𝐴1
𝐴2
𝛾. (3-59) 
When the new ISFs rms value in (3-39) and (3-40) and the traditional quality factor are used 
instead, one reaches the following definitions for noise contributions in the one-port T-based 
oscillators:   
 𝑁𝐿,𝑅(𝑛𝑒𝑤) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶1𝑄𝑇𝑇𝑟𝑎𝑑1  𝛥𝜔
2  (
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
 , (3-60) 
 𝑁𝐿,𝑇(𝑛𝑒𝑤) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶1𝑄𝑇𝑇𝑟𝑎𝑑1  𝛥𝜔
2 𝛾 (
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
, (3-61) 
and for the two-port T-based oscillators: 
TABLE 3.1 
COMPARISON OF SIMULATED RESISTIVE PHASE NOISE CONTRIBUTIONS TO CALCULATED 
CONTRIBUTIONS USING THE OLD ISF AND THE NEW ISF IN ONE-PORT T-BASED OSCILLATORS 
fo 
(GHz) 
𝑁𝐿,𝑅(𝑠𝑖𝑚)  
fV2/Hz 
𝑁𝐿,𝑅(3−54)
∗  
fV2/Hz 
Err. 
(%) 
𝑁𝐿,𝑅(𝑛𝑒𝑤) 
fV2/Hz 
Err. 
(%) 
5(L-based) 221.5 208 6.1 208 6.1 
5.03 69.1 113.1 63.7 68.1 1.4 
5.51 91.4 120.1 31.3 87.4 4.4 
4.8 64.1 114.2 78.2 58.1 9.4 
4.5 56.8 118.3 108.3 51.3 9.7 
 
* The numbers are calculated based on phase noise expressions obtained from [26].  
 
TABLE 3.2 
COMPARISON OF SIMULATED SWITCHING TRANSISTORS PHASE NOISE CONTRIBUTIONS TO 
CALCULATED CONTRIBUTIONS USING THE OLD ISF AND THE NEW ISF IN ONE-PORT T-BASED 
OSCILLATORS 
fo 
(GHz) 
𝑁𝐿,𝑇(𝑠𝑖𝑚) 
fV2/Hz 
𝑁𝐿,𝑇(3−54)
∗  
fV2/Hz 
Err. 
(%) 
𝑁𝐿,𝑇(𝑛𝑒𝑤) 
fV2/Hz 
Err. 
(%) 
5 (L-based) 185.6 178.9 3.61 178.9 3.61 
5.03 58.1 98.65 69.8 56 3.61 
5.51 82.2 105.4 28.22 74.69 9.1 
4.8 50.7 100.7 98.6 50.22 0.95 
4.5 42.8 103 140.6 44.06 2.94 
* The numbers are calculated based on phase noise expressions obtained from [26]. 
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 𝑁𝐿,𝑅(𝑛𝑒𝑤) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶1𝑄𝑇𝑇𝑟𝑎𝑑1  𝛥𝜔
2  (
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
(
𝐴2
𝐴1
)
2
, (3-62)  
 𝑁𝐿,𝑇(𝑛𝑒𝑤) =
T 𝑘𝐵 𝜔𝑜𝑠𝑐
2 𝐶1𝑄𝑇𝑇𝑟𝑎𝑑1  𝛥𝜔
2 𝛾 (
𝑄𝑇𝑇𝑟𝑎𝑑1
 𝑄𝑇𝑂𝐿𝑜𝑜𝑝
)
2
𝐴2
𝐴1
. (3-63) 
Using the same architectures shown in Fig. 3.6(a) and Fig. 3.6(b) and the same transformer as in 
Fig. 3.6(c), noise contributions for the one-port and the two-port configurations are simulated.  
Tables 3.1 and 3.2 compare the calculated values using the new expressions (3-60) and (3-61) to 
the simulated results and to the values obtained using (3-62) and (3-63) that are based on equations 
obtained from [26].  Tables 3.3 and 3.4 show the simulated results for the two-port configuration, 
again compared to the calculated values using (3-62) and (3-63) and the values using the old 
TABLE 3.3 
COMPARISON OF SIMULATED RESISTIVE PHASE NOISE CONTRIBUTIONS TO CALCULATED 
CONTRIBUTIONS USING THE OLD ISF AND THE NEW ISF IN TWO-PORT T-BASED OSCILLATORS 
fo 
(GHz) 
𝑁𝐿,𝑅(𝑠𝑖𝑚)  
fV2/Hz 
𝑁𝐿,𝑅(55)
∗  
fV2/Hz 
Err. 
(%) 
𝑁𝐿,𝑅(𝑛𝑒𝑤) 
fV2/Hz 
Err. 
(%) 
5.02 34.92 73.54 110.6 34.42 1.43 
5.48 45.1 127.8 183.4 41.16 8.74 
4.8 33.51 60.78 79.05 32.65 2.57 
4.5 31.32 49.6 58.36 30.96 1.15 
 
TABLE 3.4 
COMPARISON OF SIMULATED SWITCHING TRANSISTORS PHASE NOISE CONTRIBUTIONS TO 
CALCULATED CONTRIBUTIONS USING THE OLD ISF AND THE NEW ISF IN TWO-PORT T-BASED 
OSCILLATORS 
fo 
(GHz) 
𝑁𝐿,𝑇(𝑠𝑖𝑚)fV
2/
Hz 
𝑁𝐿,𝑆(55)
∗  
fV2/Hz 
Err. 
(%) 
𝑁𝐿,𝑇(𝑛𝑒𝑤) 
fV2/Hz 
Err. 
(%) 
5.02 37.15 75.46 103.1 37.06 0.24 
5.48 49.86 152.1 205.1 50.11 0.5 
4.8 33.64 60 78.35 33.25 1.16 
4.5 29.6 46.4 56.76 29.44 0.54 
* The numbers are calculated based on phase noise expressions obtained from [26].  
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expressions in (3-58) and (3-59).  The results show that the new expression gives much more 
accurate results for thermal noise contributions to phase noise in T-based oscillators.   
 The above ISFs reflect the filtering power of the T-based oscillators which is a reflection 
of the open loop quality factor.  While it is important to optimize the filtering power, the phase 
noise is also related to the traditional quality factor as shown in Section 3.2.1.2.  To further 
understand how the two quality factors can affect phase noise performance and whether it is a meth 
that using transformers in place of inductors in LC-VCOs can achieve higher phase noise 
performance, the phase noise expression in (3-50) can be rewritten as: 
 ℒ1−𝑝𝑜𝑟𝑡(∆𝜔) = 10 log (
𝜔𝑜𝑠𝑐𝐿,𝐻
2 𝑘𝐵𝑇
2𝑄𝑇𝑂𝐿𝑂𝑂𝑝
2 𝑅𝑝𝛥𝜔2
1
𝐼𝐵𝑖𝑎𝑠
2 (1 + 𝛾)) (3-64) 
where 𝐼𝐵𝑖𝑎𝑠 is tail bias current in Fig 3.4(a).  The above relationship shows that the open loop 
quality factor is expected to have more effect on the phase noise performance than the traditional 
quality factor which is linearly related to the parallel tank resistance 𝑅𝑝.  As illustrated in Section 
3.2.2.1, the open loop quality factor is expected to improve in T-based oscillators over its primary 
windings’ quality factor when operating in the low frequency state, 𝜔𝑜𝑠𝑐𝐿in (3-1).  Therefore, the 
phase noise performance of T-based oscillators can be superior to the L-based oscillators assuming 
that the L-based oscillator has the same effective inductance as the T-based one and a quality factor 
that is equal to the transformer’s primary winding.  Yet, transformers take more on-chip area than 
inductors.  If the area used by the transformer is used to build an inductor with the same effective 
inductance, the inductor is more likely to have a quality factor that is higher than the transformer’s 
primary winding and hence its phase noise performance is improved as well.  The next Section 
investigates how much improvement in phase noise can be achieved using a transformer in place 
of an inductor given a certain on-chip area and same effective inductance.   
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3.3 Comparing Quality Factors and Phase Noise Performance of T-based Oscillators to L-
based Oscillators 
 In this Section, we will examine three well known transformer topologies: inter-wound, 
concentric, and stacked; and try to achieve the highest possible traditional and open loop Q for a 
given area constraint.  We will also compare their performance to a single inductor with equal area 
and effective inductance to see if the use of transformers for the sole purpose of improving phase 
noise could be justified.  Notice that improving the quality factor is only possible when operating 
in the low state of oscillation, 𝜔𝑜𝑠𝑐𝐿in (3-1) as explained in Section 3.2.1.1.  Therefore, the high 
state of operation in not considered in the following simulations. 
3.3.1 ADS Momentum Simulation Results   
 Agilent Technologies ADS is used for simulation and estimation of the traditional Q of 
transformers’ windings and the inductor at different resonant frequencies.  In order to present a 
fair comparison and to have high self-resonant frequency that does not interfere with the 
simulations, the transformer area is restricted to 200 µm X 200 µm.  In addition, to maximize the 
Q of the primary and secondary windings, multiple metal layers are connected in parallel with 
dense vias for all layouts except the stacked topology.  The metal width is increased as permitted 
by the area constraints and the topology.  Higher coupling coefficients are targeted for higher 
quality factors and 𝜔1 ≈ 𝜔2 is used as an example of a popular architecture.  For comparison 
purpose, in the subsequent calculations it is assumed that the resonant frequency is set at f0 = 6 
GHz, the effective inductance Leff = 2.39 nH, and the capacitor C1 = 294 fF.   
 The inter-wound transformer layout is commonly used in RF applications due to its high 
coupling coefficient and good matching between the primary and secondary windings in terms of 
Q and self-resonant frequency.  For the given area and following the guidelines stated above, the 
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extracted values from the layout are  L1 = 1.48 nH and L2 = 780 pH with Q1 = 25 and Q2 = 21.3 
(Fig 3.6(a)).  The resulting coupling coefficient is k = 0.8.  To keep the same Leff = 2.39 nH at 6 
GHz and the same primary tank capacitance, we need a ratio of ω1/ω2  = 0.89.  Using (3-10), the 
calculated traditional Q of a resonator utilizing this transformer is 23.8 at 6 GHz.  Using (3-19), 
the open loop Q is calculated to be 41.6.  
 The concentric topology, shown in Fig. 3.8(b), with L1 = 1.83 nH, L2 = 1.2 nH, Q1 = 22.2, 
and Q2 = 19.8, k = 0.52, and ω1/ω2 =0.82, achieved a final traditional Q of 21.2 and an open loop 
Q of 31.2.  Because the stacked transformer (Fig. 3.8(c)) could not be implemented using multiple 
metal layers, it is expected to have the worst final traditional Q of the three topologies. Yet, because 
of the higher coupling, its final traditional Q is very close to the concentric transformer and the 
open loop Q is even higher.  The same area is utilized, and L1 = L2 = 1.5 nH, Q1 = 24, Q2 = 15.7, 
k = 0.83, and ω1/ω2  = 0.874.  The final traditional Q and open loop Q are calculated to be 21 and 
36.2 respectively.  Finally the quality factor of the inductor in Fig. 3.8(d) is obtained from ADS 
Agilent simulations to be Q = 24 at 6 GHz. The quality factors of all transformers are summarized 
in Table 3.5 in the Spectre simulations Sub-section.    
Using the lumped-element models shown in Fig. 3.9 for the on-chip inductor and on-chip 
transformer, L-based and T-based resonators tanks were constructed using the values outlined in 
the previous Sub-section.  Since in most practical cases, the two-port and one-port states have same 
traditional and open loop quality factors, a one-port model for the T-based oscillators’ tanks is 
used for simplicity.  Fig. 3.10 shows the simulated magnitude of the tank’s parallel impedance for 
the various transformer/inductor topologies shown in Fig. 3.8 versus calculations.  The tank’s 
parallel impedance can be defined using Fig. 3.4 (b) as:  
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𝑍11 =
1
𝑗𝜔𝐶1
 // (𝑗𝜔𝐿𝑒𝑞1 + 𝑅𝑠𝑒𝑞1)    (3-65) 
where 𝐿𝑒𝑞1 and 𝑅𝑠𝑒𝑞1are defined in (3-5) and (3-6).  In case of the inductor 𝐿 and the series parasitic 
resistance are used in place of 𝐿𝑒𝑞1 and 𝑅𝑠𝑒𝑞1 .   
 
(a)              (b) 
      
(c)               (d) 
Figure 3.8: Layout of (a) inter-wound, (b)concentric, and (c) stacked transformers optimized for 
traditional Q and coupling coefficient given an area restriction of 200 µm X 200 µm. (d) an 
inductor given same area constrain and same effective inductance as the T-based tanks. 
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  As explained in Section 3.2.1.2, the traditional Q is directly related to the tank parallel 
resistance at resonance.  Since at resonance, the imaginary part of the impedance cancels out, the 
peaks in Fig. 3.10 represent the tank parallel resistance at resonance and are directly related to the 
traditional Q.  The open loop Q  is reflected in the bandwidth of the parallel impedance magnitude 
as explained in Section 3.2.2.  It is observed that the inductor and concentric models traditional Q 
match the calculations more than the inter-wound and stacked transformer.  The reason is the 
increased parasitic capacitance between the two windings in these two transformers (Cp in Fig. 
3.9).  The stacked transformer exhibits a lot of parasitics capacitance due to the fact that both 
inductors are parallel to each other.  The inter-wound however does not usually suffer the same 
problem but because the top two layers are stacked to enhance the traditional Q, there is an increase 
in the capacitance between its windings (Cp in Fig. 3.9), which ironically degraded the final 
traditional Q.   
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         (a)    (b) 
Figure 3.9: Lumped element models for (a) on-chip inductor and (b) on-chip 
transformer. 
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 Fig. 3.11 compares the four models of equivalent LC tanks using the four different 
structures in Fig. 3.8.  The highest peak in the magnitude of Z11 is the inductor, followed by the 
inter-wound transformer, then the concentric, and finally the stacked.  Because of the higher 
coupling, it is expected that the inter-wound and stacked transformers will exhibit the highest open 
loop quality factor and hence the narrowest bandwidth, which is confirmed in Fig. 3.11.  In brief, 
given typical constraints for designing on chip inductors/transformers, it is difficult to obtain a T-
(a) (b)
(c) (d)  
 
Figure 3.10: Tank input impedance magnitude for T-based resonators using the structures in Fig. 3.6: 
a) inter-wound transformer, b) concentric transformer, c) stacked transformer, and d) inductor; 
calculated vs. ADS models (Fig. 3.7). 
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based resonator with simultaneously high coupling coefficients and traditional Q’s that are higher 
than an equivalent L-based resonator.  Yet, open loop Q can be improved significantly with the 
use of transformers.  We also noticed that for a given area, inter-wound transformers provide the 
highest traditional Q among transformers and the highest open loop Q overall.  The consequences 
of these conclusions on phase noise and power consumption will be examined in the following 
section using SpectreRF simulations.  
  
 
Figure 3.11:  Comparison between the magnitude of tanks’ input impedances for different 
transformers topologies and an inductor with an area restriction of 200um x 200um. 
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3.3.2 Spectre Simulations of Different Topologies T-based Oscillators and an equivalent L-
based Oscillator 
To show the consequences of the reduced traditional quality factor and an improved open 
loop quality factor in T-based oscillation tanks above over the L-based tank given same area 
constraint and same effective inductance, multiple T-based resonators and an L-based resonator 
were constructed utilizing the models extracted from the topologies pictured in Fig. 3.8.  
Oscillators following the circuits shown in Fig. 3.10 were then constructed around these 
resonators.  With equal VCO cores (i.e., same transistor sizing and supply voltage), SpectreRF was 
used to perform phase noise simulations.  Tables 3.5 and 3.6 summarize the results of these 
simulations.  
The results in Table 3.5 show that when using the same bias current, despite the smaller 
amplitude, the phase noise of the oscillator utilizing the inter-wound transformer is lower than the 
L-based oscillator while the concentric and stacked do not exhibit much of an improvement.  The 
out-out+
Ibias
m1 m2
L1b
L2b
L1a
L2a
C1
C2
out-out+
Ibias
m1 m2
LbLa
C1
(a) (b)
 
Figure 3.12: A schematic of (a) an L-based VCO, and (b) a one port T-based VCO 
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reason for the limited improvement in the stacked is obviously the lower traditional quality factor 
which cancels out the effect of an improved open loop quality factor.  Although the concentric T-
based tank shares the same value of the traditional quality factor with the inter-wound one, its open 
loop quality factor is lower due to lower coupling in the concentric topology.  This explains the 
limited improvement in phase noise performance in the concentric topology as well.  While the 
inter-wound, as shown in Fig. 3.11 has a traditional quality factor that is equivalent to the 
concentric, higher than the stacked, and its open loop quality factor is the highest among 
transformers and inductors. This is reflected on its low noise phase noise and hence the highest 
FOM as well.  The FOMs for these oscillators are calculated using the single frequency FOM 
defined in (1-3). 
TABLE 3.5 
 PHASE NOISE PERFORMANCE OF SIMULATED OSCILLATORS UTILIZING DIFFERENT 
TRANSFORMER/INDUCTOR TOPOLOGIES GIVEN THE SAME BIAS CURRENT 
Topology 
𝑸𝑻𝑶𝑳𝒐𝒐𝒑  
@6GHz 
𝑸𝑻𝒕𝒓𝒂𝒅 
@6GHz 
Ibias
mA 
Vpp 
V 
£dBc/Hz 
100KHz 
£dBc/Hz 
1MHz 
£dBc/Hz 
10MH
z 
FOM@  
1MHz 
Inductor 24 24 2 2.6
1 
-97.7 -124 -146.8 196 
Inter-wound 41.6 20 2 2.2
6 
-101 -127 -149.5 199 
 Concentric 31.2 19 2 2.1 -99 -125 -147 197 
Stacked 32.6 14 2 1.6 -99 -124 -145.5 196 
 
TABLE 3.6 
 PHASE NOISE PERFORMANCE OF SIMULATED OSCILLATORS UTILIZING DIFFERENT 
TRANSFORMER/INDUCTOR TOPOLOGIES GIVEN THE SAME OUTPUT AMPLITUDE 
Topology 
𝑸𝑻𝑶𝑳𝒐𝒐𝒑  
@6GHz 
𝑸𝑻𝒕𝒓𝒂𝒅 
@6GHz 
Ibias
mA 
Vpp 
V 
£dBc/Hz 
100KHz 
£dBc/Hz 
1MHz 
£dBc/Hz 
10MH
z 
FOM@  
1MHz 
Inductor 24 24 2 2.6
1 
-97.7 -124 -146.8 196 
Inter-wound 41.6 20 2.3 2.6 -102.2 -128.2 -150.6 199.5 
Concentric 31.2  
open 
loop Q 
of 31.2 
19 2.5 2.6 -100.7 -126.6 -148.8 197.5 
Stacked 32.6 14 3.3 2.6 -102.2 -127.3 -148.9 197 
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When the bias current is increased so that the output swing is the same in all oscillators, it 
is seen that the phase noise of the inter-wound T-based tank is still the best, followed by the stacked 
and then the concentric.  Increasing the bias current reduces the effect of the lower traditional 
quality factor on the performance of the stacked T-based tank and hence due its high open loop 
quality factor, its phase noise is now lower than the concentric T-based tank.  Yet, because of the 
power needed to raise its amplitude, the FOMs of both the stacked and the concentric T-based 
tanks are about the same.   
One notices that because T-based oscillators have an open loop quality factor that is 
different from the traditional quality factor and both quality factors affect phase noise performance, 
the phase noise improvement is not guaranteed in T-based oscillators.  Although there is an 
improvement due to a high open loop quality factor, the traditional quality factor of T-based 
oscillator is in most practical cases lower than an inductor given the same on chip area.  Therefore, 
the phase noise improvement advantage of T-based oscillators is limited and most visible when a 
topology with high quality windings and high coupling coefficient such as the inter-wound is used.   
Nevertheless, it is observed from the previous simulations that the FOM of a T-based 
oscillator is at the worst case similar to an L-based oscillator using the same on-chip area.  Hence, 
if in addition to the low state operation explored above, the high state operation is added to the 
oscillator, there is a chance of improving the FOM due the extended tuning range.  The next section 
explores design choices to optimize phase noise performance in dual-state T-based oscillator 
exploiting the two quality factors, the open loop and the traditional.  A case study of an 
implemented dual-tank dual-state T-based oscillator is presented to illustrate the proposed 
techniques.  
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3.4 Effect of Quality Factors on the Phase Noise Performance of Dual-State T-based 
Oscillators 
Dual-state oscillation is a key advantage of T-based oscillators.  The fact that instead of 
avoiding the coupling between two inductors in two adjacent oscillators, one can make use of that 
coupling and control it to achieve two ranges of oscillation or a wide continuous tuning range saves 
a huge amount of on-chip area.  Therefore, the idea has attracted a lot of attention since it was 
introduced in [29].  Although, the dual-state has been repeatedly implemented, design optimization 
techniques have not been fully investigated.  The distinction in the above quality factors could 
significantly affect the way designers build such oscillators.  The following example illustrates the 
significance on considering both quality factors when designing for phase noise or other 
parameters such as power consumption and/or output swing.  
3.4.1 Dual State Oscillator Example 
Dual state operation in T-based oscillators is explained in detail in [29] and summarized in 
Section 1.3. For the purpose of phase noise analysis, a simple one-port dual-state T-based oscillator 
(Fig. 3.13(a)) is designed, fabricated and tested.  To enable the low-frequency state, ILM is turned 
ON and IHM is turned OFF and the primary tank consists of L1 and C1.  The high-frequency state, 
on the other hand, is enabled by turning IHM ON and ILM OFF.  In the high state, the primary tank 
consists of L2 and C2.  The frequency of oscillation is determined using (3-1).  Since higher 
coupling limits the high state operation [29], a moderate coupling of k = 0.5 is targeted and a 
concentric transformer, shown in Fig. 3.11(b), is used. The lumped-element model shown in Fig. 
3.11(c) was extracted using ADS Momentum and the extracted values at 5 GHz are L1= 2 nH, Q1 
= 18, L2= 1.18 nH, Q2 = 11 and coupling factor k =0.45.  
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In an L-based oscillator, the phase noise is optimized by improving the quality factor of 
the inductor. Once the inductor is built, the tank’s quality factor at a certain oscillation frequency 
is defined.  In T-based oscillators, however, there is an additional degree of freedom.  For a given 
transformer realization, the same oscillation frequency can be achieved through different values 
of 𝜔1/𝜔2.  Different values of  𝜔1/𝜔2 result in different values for the open loop and traditional 
quality factors, which in turn affects the phase noise performance.  In the following analysis the 
oscillator in Fig. 3.11(a) is used to study how the variation in the two quality factors can affect the 
1/f2 phase noise performance in both states of oscillation in a dual-state T-based oscillator.   
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Figure 3.13: a) Dual state T-based oscillator. b) Transformer layout. c) ADS extracted model 
used in simulations. 
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3.4.2 Low Frequency State  
In the low frequency state, 𝜔1/𝜔2 is varied to target two sample oscillation frequencies 
2.9 and 4 GHz.  Fig. 3.14(a) shows the magnitude of the primary tank impedance at 3 GHz for 
different values of 𝜔1/𝜔2.  One notices two states of oscillation, high and low, are always possible.  
Appropriately setting the large-signal trans-conductance, Gm, (derived in [29]) will ensure only 
one state of oscillation exists at a time.  As the ratio 𝜔1/𝜔2 gets closer to 1.2, the maximum tank 
impedance of the two states are almost equal and the possibility of concurrent oscillation increases 
 
(a)
ω1/ω2 = 0.6
ω1/ω2 = 1.2
(c)(b)  
Figure 3.14: T-based tank impedance for different ratio of  ω1/ω2 in the low frequency state 
and. b) T-based traditional quality factor and open loop quality factor in the low frequency 
state at: b) 2.9 GHz and c) 4 GHz. 
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(Fig. 3.14(a)).  Therefore, the ratio of 𝜔1/𝜔2 should be less than 1 in the low frequency state.  Fig. 
3.14(b-c) shows the open loop quality factor and the traditional quality factor as 𝜔1/𝜔2 is varied 
for the oscillation frequencies of 2.9 GHz and 4 GHz.  The traditional quality factor increases as 
we decrease 𝜔1/𝜔2, while the open loop quality factor peaks when 𝜔1/𝜔2 = 0.7.  While smaller 
values of 𝜔1/𝜔2  seem to be better for the traditional quality factor, values that are much smaller 
than 0.7 may negatively affect phase noise performance as the open loop quality factor starts to 
decrease while the traditional quality factor saturates.  
Since the open loop Q peaks broadly, having a ratio slightly smaller than the optimum 
value can achieve higher traditional Q and therefore less phase noise, as shown in the 
measurements later on.  Moreover, the peak value of the open loop Q does not always occur at 
𝜔1/𝜔2=0.7.  Fig. 3.14(b-c) show that the open loop quality factor peaks at about 𝜔1/𝜔2 = 0.75 
when the system oscillates at 4 GHz while it peaks at about 𝜔1/𝜔2= 0.7 when  𝑄𝑇𝑇𝑟𝑎𝑑1 is lower at 
2.9 GHz.  
3.4.3. High Frequency State  
For the high frequency state, frequencies of 6.2 GHz and 7.8 GHz are used as examples.  
Note that in the case of the high frequency state 𝜔1 = 1/√𝐿2𝐶2 and 𝜔2 = 1/√𝐿1𝐶1  (Fig. 3.11(a)).  
Fig. 13(a) shows the magnitude of the impedance at 7 GHz as 𝜔1/𝜔2 is varied.   In this case, to 
guarantee a single oscillation, one needs 𝜔1/𝜔2 > 1.3.  Hence for the following analysis values 
higher than 1.3 are used for 𝜔1/𝜔2.  Fig. 3.15(b-c) show the behavior of the open loop and the 
traditional quality factors as 𝜔1/𝜔2 is varied in the high frequency state at 6.2 and 7.8 GHz, 
respectively.  One notices that both of the quality factors increase as the ratio 𝜔1/𝜔2 increases.  
Obviously we would expect higher ratios to have better phase noise performances and higher 
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output swing.  In most practical cases, however, very high ratios are not easy to achieve in on-chip 
architectures as larger capacitors will increase the parasitics.  In addition, capacitors 𝐶1 and 𝐶2 are 
usually designed so that the high frequency state and the low frequency state are close to each 
other to achieve a continuous tuning range which, again makes higher ratios of 𝜔1/𝜔2 difficult to 
achieve.  Notice that in both states the traditional quality factor is less than the quality factor of the 
primary inductor, whereas the open loop quality factor shows some improvement in the low state 
of oscillation.  This is in agreement with the previous discussion.  
(a)
ω1/ω2 = 1.9
ω1/ω2 = 1.3
(b) (c)
 
Figure 3.15: T-based tank impedance for different ratio of  ω1/ω2 in the low frequency state 
and. b) T-based traditional quality factor and open loop quality factor in the low frequency 
state at: b) 6.2 GHz and c) 7.8 GHz. 
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3.4.4 Measurement Results  
The oscillator in Fig. 3.11 was implemented in a commercially available 130 nm CMOS 
technology.  Fig. 3.16(a) shows a picture of the die which measures 1 mm x 0.68 mm. Fig. 3.16(b) 
shows an example of the phase noise measured at 4 GHz oscillation frequency. The variation in 
the ratio, 𝜔1/𝜔2, was achieved using two hyper-abrupt varactors with two different control 
variables and two banks of capacitors were used for tuning.  The oscillator consumes between 7.2 
and 14.4 mW from a 1.2 V supply.   
The relationship between the calculated quality factors, measured phase noise, and 
measured output swing at different values of 𝜔1/𝜔2  for the low frequency state is shown in Fig. 
3.17(a-b) for oscillation frequencies of 2.9 GHz and 4 GHz, respectively. 
 Notice that even though the open loop quality factor at 4 GHz across the different ratios is 
almost flat, there is a noticeable improvement in phase noise with lower 𝜔1/𝜔2  due to the 
improvement in the traditional quality factor.  A larger traditional quality factor improves the phase 
noise performance because the output swing is increased, as shown in Fig. 3.17 (a-b). Furthermore, 
the fact that the magnitude of the output swing increases or decreases with the traditional quality 
factor, while the open loop quality factor remains flat, proves that the traditional quality factor, 
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Figure 3.16: a) Die picture of the dual-state transformer-based oscillator. b) Measured phase 
noise at 4 GHz   
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given in (3-10), is the actual reflection of the ratio of the maximum energy stored in the tank to the 
average power consumed per cycle.   
For the high frequency state at both 6.2 GHz (Fig. 3.17(c)) and 7.8 GHz (Fig. 3.17(d)), 
results are as expected.  As 𝜔1/𝜔2 increases, both quality factors increase and hence higher output 
swing and lower phase noise are achieved.  In brief, in T-based oscillators, a small change in the 
frequency ratio 𝜔1/𝜔2 can achieve up to about 5 dB improvement in phase noise in the high 
frequency state because of the improvement in both the traditional and the open-loop quality 
(a) (b)
(c) (d)
 
Figure 3.17:  Normalized measured phase noise at 1 MHz offset and signal power for the 
dual-state T-based oscillator while oscillating in the low frequency state at a) 2.9 GHz and 
b) 4 GHz and the high frequency mode c) 6.2 GHz and d) 7.8 GHz. 
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factors.  While in the low frequency state, even though the phase noise performance is strongly 
associated with the improvement in the open loop quality factor, the traditional quality factor has 
a major role as well.  The phase noise performance can be improved with a small change in the 
frequency ratio 𝜔1/𝜔2 due to a higher traditional quality factor even with slightly lower open loop 
quality factor (Fig. 3.17(b)).   
3.5 Conclusion 
In conclusion, we have shown that for transformer-based oscillators the traditional quality 
factor is different from the open loop quality factor.  While there can be a noticeable improvement 
in the open loop quality factor in T-based oscillators over an equivalent L-based oscillator, the 
traditional quality factor hardly improves.  These results explain the observed improvement in the 
T-based quality factor in previously implemented T-based oscillators in literature.   
Furthermore, we have developed impulse sensitivity functions for one-port and two-port 
T-based oscillators.  The impulse sensitivity function for T-based oscillators has been always 
assumed to be the same as L-based oscillators.  The new ISFs are confirmed using a simulation 
and closed-form formula methods suggested by Hajimiri et al.  The new ISF and quality factor 
expressions were used to estimate phase noise for one-port and two-port differential T-based 
oscillators.  Simulation results show that values are on average 90% more accurate than some of 
the expressions being currently used.   
Simulations comparing different transformers’ topologies and a single inductor based 
oscillators were performed to examine the possibility of phase noise improvement in T-based 
oscillators over L-based oscillators given the derived traditional and open loop quality factors.  For 
fair comparison, all transformers topologies and the inductor were allowed the same area on chip 
area.  For the inter-wound and the concentric topologies, the area is barely enough for the required 
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inductances and coupling.  For the stacked transformer and the inductor, the same area allows for 
an improved quality factor of the inductor and the transformer windings due to the added width of 
the metal.  Results show that the inter-wound topology with a high coupling coefficient is the only 
topology with a noticeable improvement in phase noise and FOM over the inductor 
implementation.  The other transformers’ topologies achieved FOM that is very close to the 
inductor based oscillator.  
Finally, the importance of the unique property of having two quality factors, traditional and 
open-loop, in T-based oscillators, and the effect of balancing these two quality factors on the phase 
noise performance of dual-state T-based oscillators is examined through an example of an 
implemented dual-state T-based oscillator. The results show that by slightly varying the ratio of 
𝜔1/𝜔2, one can increase the traditional quality factor without affecting the open loop quality factor 
(low-band example) or increase both quality factors (high-band example) and realize an 
improvement in phase noise of up to 5 dBc/Hz, as shown in Fig. 3.17(d).  Given the FOM definition 
in (1-3) and (1-4), this phase noise improvement reflects directly on the FOM of the T-based 
oscillator. 
 In addition to the possibility of improving phase noise and enhancing the tuning range by 
utilizing transformers in LC-VCO, transformers is proven a special advantage in QVCOs.  
Transformers are shown to improve the stability of the quadrature oscillation.  The following 
Chapter illustrates the quadrature stability issue in QVCOs and how transformers can be used to 
address this issue.  A comparison between dual-state dual-tank inductively tuned T-based oscillator 
and an inductively tuned L-based oscillator is presented to show the higher stability and FOM 
achieved through the use of transformers. 
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CHAPTER 4: TRANSFORMER-BASED QUADRATURE VOLTAGE CONTROLLED 
OSCILLATORS 
 This Chapter examines the use of transformer-based dual-tank in QVCOs.  It is shown that 
in addition to the high FOM achieved due to the low phase noise and/or the extended tuning range 
demonstrated for single phase T-based oscillators in the previous chapter, there is an added 
advantage when the T-based dual-tank is used in quadrature oscillators.  While L-based QVCOs 
suffer from quadrature mode instability, at which the oscillator can be simultaneously oscillating 
at two different frequencies, T-based oscillators exhibit a noticeable improvement in quadrature 
mode stability.  As shown in Chapter 2, Sections 2.1 and 2.2, LC-QVCOs have two stable 
quadrature modes that result in two different oscillation frequencies.  Although, the architecture is 
claimed to naturally stabilize in the high frequency quadrature mode [36, 22], in some cases the 
oscillator can jump between these two modes during operation, or start up in a mode other than 
the one intended [50].  Several solutions have been proposed; most involve introducing a phase 
delay into the coupling path [50-52]. While successful in solving the bi-modal oscillation problem, 
this phase delay reduces the effectiveness of current tuning in QVCOs.  In this Chapter, it is shown 
that by using a transformer-based tank, bi-modal oscillation can be controlled with no reduction in 
the inductive current tuning range. Furthermore, by using transformers, dual-state oscillation [39], 
which is different from the quadrature bi-modal oscillation, can be used to further extend the tuning 
range of the QVCO.  Dual-state oscillation is explained in Chapter 3 and not be confused with the 
two quadrature modes.  By combining inductive current tuning and dual-state oscillation, a 
noticeable improvement in the FOM of the QVCO can be realized.  In the remainder of the 
Chapter, the stability problem that emerges from the existence of bi-modal oscillation in L-based 
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QVCOs is explained.  Then, T-based tank is compared to other methodologies used in the literature 
to address the issue of quadrature mode instability in LC-QVCOs. 
4.1 Bi-Modal Oscillation in LC-QVCOs 
The problem of bi-modal oscillation can be explained using a simple LC-QVCO shown in 
Fig. 4.1.  As illustrated before in Chapter 2, the VCO consists of two identical cross-coupled LC 
oscillators that are coupled together though transistors M5-M8.  The coupling provides positive 
feedback in one direction and negative feedback in the other.  As shown in Chapter 2, the feedback 
setup forces the two signals to be in quadrature but does not necessitate that one of them should 
be leading or lagging the other.  In [51], it is shown that, in fact, there exist two stable quadrature 
modes in this architecture in which:  
 𝑋+(𝑗𝜔) = ±𝑗 𝑌+(𝑗𝜔) (4-1) 
where 𝑋+ and 𝑌+are the single ended output voltages of the oscillator cores.  In the first case, 
𝑋+(𝑗𝜔) = +𝑗𝑌+(𝑗𝜔), the inductor current, 𝐼𝐿, which lags the current through M1 by 90º, is 180º 
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Figure 4.1: Inductor-based quadrature voltage controller oscillator. 
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out of phase with the tuning current, 𝐼𝑡𝑢𝑛𝑒, and the frequency of oscillation, 𝜔𝑜𝑠𝑐𝐻 , is higher than 
the frequency 𝜔𝑜 = 1/√𝐿𝐶 [22].  When 𝑋
+(𝑗𝜔) = −𝑗𝑌+(𝑗𝜔), 𝐼𝐿 is in phase with 𝐼𝑡𝑢𝑛𝑒 and the 
frequency of oscillation, 𝜔𝑜𝑠𝑐𝐿 , is lower than 𝜔𝑜.  These two oscillation frequencies can be 
expressed as shown in Chapter 2 and repeated here for convenience:    
 𝜔𝑜𝑐𝑠𝐿,𝐻 =  𝜔𝑜 (1 ±
𝑅𝑠𝐶𝐼𝑡𝑢𝑛𝑒
2𝐼𝑐𝑜𝑟𝑒
𝜔0) (2-10) 
where 𝑅𝑠 is the parasitic series resistance of the tank inductor, and 𝐶 is the tank capacitance.  In 
addition to the quadrature modes, this equation shows how the tuning ratio, 𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒, can be 
used to tune the frequency of oscillation up or down as previously illustrated in Chapter 2.  
When this architecture was initially proposed in [36], it was claimed that the oscillator 
would naturally settle into the high frequency quadrature mode because the magnitude of the 
parallel tank impedance will be larger at higher frequencies.  Later, it was additionally claimed 
that the coupling transistors provide enough phase delay such that the high frequency quadrature 
mode of oscillation is enforced.  Recently, however, experimental results have shown that these 
two built-in mechanisms do not necessarily guarantee the VCO will operate in only a single 
quadrature mode. Experimental results show that the oscillator can settle in the low-frequency 
mode instead of the high-frequency mode or continuously jump between modes thereby resulting 
in an unstable frequency of oscillation [51].  The following discussion and examples illustrate the 
problem of relying only on built-in mechanisms to enforce a given quadrature mode of operation.    
4.1.1 Bi-modal Oscillation Problem 
The QVCO was initially assumed to operate in the high frequency mode, at which 𝑋+ is 
leading 𝑌+ by 90º, because of a slightly higher magnitude of the tank impedance [36].  Fig. 4.2 
shows the magnitude of the tank impedance for an inductor-based QVCO with 𝐿 = 2 nH, 𝑄 = 18 
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at 5 GHz, and assuming 𝐼𝑡𝑢𝑛𝑒 = 𝐼𝑐𝑜𝑟𝑒.  The two possible oscillation frequencies are given in (2-
10) and the tank impedance is expressed as:  
 𝑍(𝑗𝜔) =
𝑗𝜔𝐿+𝑅𝑠
1−𝜔2𝐶𝐿+𝑗𝜔𝑅𝑠𝐶
. (4-2) 
As shown in Fig. 4.2, the difference in the magnitude of the impedance is very small, only about 
10 Ω, and is therefore sensitive to asymmetries and PVT variations which may cause the oscillator 
to switch modes.   
In addition to the difference in impedance, the delay in the coupled signal, caused by the 
gate-source capacitance and parasitic gate resistance of the coupling transistors, also promotes the 
high-frequency quadrature mode as previously discussed in Chapter 2.  For the purpose of 
completion, the discussion can be summarized as follows. Consider the effective inductance and 
series resistance of the LC-QVCO tank of Fig. 4.1, which are defined before in Chapter 2, Sub-
section 2.3.2 and repeated here for easy access:  
 𝐿𝑒𝑓𝑓 = 𝐿 (1 ±
𝐼𝑡𝑢𝑛𝑒
𝐼𝐿
cos(𝜑)), (2-5) 
fosc_L fosc_H
 
Figure 4.2: Inductor-based QVCO tank impedance example at fo = 4 
GHz showing the two possible quadrature oscillation modes, fosc_L and 
fosc_H. assuming Icore = Itune. 
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  𝑅𝑠𝑒𝑓𝑓 = 𝑅𝑆 ± 𝜔𝐿
𝐼𝑡𝑢𝑛𝑒
𝐼𝐿
sin(𝜑) (2-6) 
where 𝜑 is the phase delay in the coupling signal path, 𝐼𝐿 is the amplitude of the inductor current, 
and ‘-’ denotes the high-frequency quadrature mode (𝑋+(𝑗𝜔) = −𝑗𝑌+(𝑗𝜔)) and ‘+‘ denotes the 
low frequency quadrature mode (𝑋+(𝑗𝜔) = +𝑗𝑌+(𝑗𝜔)).  When 𝜑 is positive, the second term in 
(2-5) becomes negative and the effective series resistance is reduced thus promoting the high-
frequency quadrature mode.  However, the delay of the coupling transistors is usually very small 
and often not enough to ensure that the high-frequency mode of oscillation is enforced [51]. 
As a result of the very small built-in circuit delay, controllable parameters in the circuit, 
such as the ratio 𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒, can affect the quadrature mode stability.  The current-ratio is a 
parameter used for frequency tuning in inductively tuned oscillators as shown in Chapter 2 of this 
dissertation.  In a stable quadrature oscillator, the current-ratio is not expected to have any 
noticeable effect on its quadrature mode stability.  Noting in (2-6) that |𝐼𝐿| = 𝑄|𝐼𝑐𝑜𝑟𝑒|, when the 
ratio 𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒 increases, 𝐼𝑡𝑢𝑛𝑒/𝐼𝐿 increases as well and  𝑅𝑠𝑒𝑓𝑓 is further reduced.  On the other 
hand, if the ratio is decreased, 𝑅𝑠𝑒𝑓𝑓  is not reduced by as much, and the circuit is more vulnerable 
to mode instability as the effective resistances of the two modes become very close in value.  
Therefore, the built-in delay mechanisms are not robust enough to withstand minor variations in 
the system specifications as further illustrated below.    
To examine the effectiveness of the built-in delay mechanism in the QVCO shown in Fig. 
4.1, using the previous tank example, a simple LC-QVCO is designed and simulated using 
SpectreRF using the previous tank example.  It is shown in Fig. 4.3(a) that when the tuning ratio  
𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒 is 1, the oscillator exhibits quadrature mode instability which is seen as amplitude 
modulation in the output signal.  When the tuning ratio is increased to 3, however, the quadrature 
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mode is more stable but the startup behavior still shows some instability.  This example shows that 
the system is very vulnerable and minor changes, such as reducing or increasing the tuning current, 
can affect its quadrature mode stability.   
4.1.2 Effect of Phase Delay on Tuning Range 
When it was realized that the mechanisms inherently available in the circuit of Fig. 4.1 
were not enough to guarantee mode stability, other methods, such as cascode transistors, were 
proposed to induce additional phase delay into the coupling path [51].  As shown in (2-5) and (2-
6), the phase delay added through the cascoded devices forces the oscillator to operate in the high 
(a)
(b)  
Figure 4.3: Simulated output of LC-QVCO showing a) quadrature mode instability 
when 𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒 = 1, and b) the change of behavior when  𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒 = 3.  
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frequency mode [51].  Nevertheless, because the effective inductance is altered by this phase delay 
as shown in (2-5), the tuning range is now reduced to: 
 ∆𝜔𝑜𝑐𝑠 =
cos(𝜑)𝑅𝑠𝐶∆𝐼𝑡𝑢𝑛𝑒
2𝐼𝑐𝑜𝑟𝑒
𝜔0. (4-3) 
  For a typical phase delay of 20º, from (51) it is seen that cascoding will reduce the tuning 
range by about 6%.  This effect cannot be ignored when ultra-wide tuning range applications, are 
targeted.  Next, a transformer-based QVCO is introduced as a solution to bi-modal oscillation 
problem without reducing the inductive current tuning range.  
4.2 Transformer-Based QVCO to Control Bi-Modal Oscillation 
 The proposed one-port transformer-based QVCO is shown in Fig. 4.4(a).  The transformer-
based tank impedance looking into port 1 of Fig 4.4(a) can be simplified by using the large signal 
model shown in Fig. 4.4(b) where 𝐿𝑒𝑞1 and 𝑅𝑠𝑒𝑞1 are as previously defined in (3-5) and (3-6).  Then, 
the tank impedance in (4-2) can be expressed as:  
 𝑍(𝑗𝜔) =
𝑗𝜔𝐿𝑒𝑞1+𝑅𝑠𝑒𝑞1
1−𝜔2𝐶1𝐿𝑒𝑞1
+𝑗𝜔𝑅𝑠𝑒𝑞1
𝐶1
. (4-4) 
 The oscillation frequencies at the two quadrature modes are given as 
 𝜔𝑜𝑐𝑠𝐿,𝐻 =  𝜔𝑜  (1 ±
𝑅𝑠𝑒𝑞1
𝐶1𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒
2
𝜔0) (4-5) 
 
where 𝜔𝑜 is now defined as [29] and (3-1): 
 𝜔𝑜𝐿,𝐻
2 =
1+ 𝜉± √(1+𝜉)2−4𝜉(1−𝑘2)
2(1−𝑘2)
 𝜔2
2 (3-1) 
where 𝜉 = (
𝜔1
𝜔2
)
2
, 𝜔1 = 1/√𝐿1 𝐶1 , 𝜔2 = 1/√𝐿2𝐶2 and the frequencies 𝜔𝑜𝐿 and 𝜔𝑜𝐻 represent 
the two states of oscillation available from the use of transformer-based tanks.  These two states 
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result from the coupling between the two tanks and are selected using the frequency-ratio 𝜉 as 
previously discussed in Chapter 3.  In each of these two states, there are the two quadrature modes 
of oscillation as defined in (4-5) for a total of four possible frequencies of oscillation.  While the 
user should be free to choose which state the oscillator operates in (𝜔0𝐿 or 𝜔0𝐻), within each state, 
the VCO should have only one stable quadrature mode.    
4.2.1 Transformer-Based QVCO Example 
 To illustrate how bi-modal quadrature oscillation can be controlled by using a transformer, 
the T-based oscillator shown in Fig. 4.4(a) is designed and simulated.  The transformer used in this 
design is shown in Fig. 4.4(c).  ADS Momentum was used to extract the values of 𝐿1 = 2 nH 𝐿2 = 
1.18 nH, 𝑄1 = 18,   𝑄2 = 11, and 𝑘 = 0.45 at 5 GHz.  Due to the existence of two coupled LC-
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Figure 4.4: a) One core of the proposed transformer-based QVCO. b) Large signal model of the 
one-port transformer-based tank. c) Transformer layout.  
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tanks (𝐿1𝐶1  and 𝐿2𝐶2), there are two possible T-based states of oscillation, 𝜔𝑜𝐿 or 𝜔𝑜𝐻, as defined 
in (3-1).  The frequency-ratio, 𝜉 = (𝜔1/𝜔2)
2, can be used to select which T-based state is active 
[29].  In this design, the switch ‘HM’ (Fig. 4.4(a)) is used to switch from 𝜔𝑜𝐿 to 𝜔𝑜𝐻 .  The 
calculated parallel tank impedance for the T-based oscillation states, 𝜔𝑜𝐿 and 𝜔𝑜𝐻, are plotted in 
Fig. 4.5(a) and Fig. 4.5(b), respectively, assuming 𝐼𝑡𝑢𝑛𝑒/𝐼𝑐𝑜𝑟𝑒  = 1.  In Fig. 4.5(a), 𝜉 is selected to 
be less than 1 to guarantee the low-frequency state of oscillation, 𝜔𝑜𝐿 [29].  It is also shown in Fig. 
4.5(a) that for 𝜉 = 1, the low quadrature-oscillation mode, 𝜔𝑜𝑐𝑠𝐿 , where 𝑋
+ is lagging 𝑌+, is 
enforced as the magnitude of the parallel impedance is about 60 Ω higher than the high frequency 
quadrature mode.  If 𝜉 becomes too low, however, the difference between the parallel impedances 
at the two quadrature modes will decrease and the T-based oscillators will also suffer from mode-
instability.  This is also shown in Fig. 4.5(a) where 𝜉 = 0.36, at which point, the difference 
between the magnitudes of the parallel impedances at the two quadrature modes drops to only 5 
Ω.  In the T-based high-frequency state, 𝜔𝑜𝐻, shown in Fig. 4.5(b), 𝜉 is  higher  than 1.5 to 
(a) (b)
foHfoLfoL
foL foH
 
Figure 4.5: Magnitude of the transformer-based tank impedance while operating at a) the T-
based low frequency state and b) the T-based high frequency state, showing the two possible 
quadrature oscillation modes for each case.  
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guarantee the high frequency state [29].  In this case, however, the high quadrature-oscillation 
mode, 𝜔𝑜𝑐𝑠𝐻, where 𝑋
+ is leading 𝑌+, is enforced more with lower values of 𝜉, so a balance must 
be maintained.  This is illustrated in Fig. 4.5(b), where the difference in the magnitudes of the 
impedances is approximately 50 Ω when 𝜉 = 1.5 as compared to a difference of approximately 40 
Ω when  𝜉 = 2.  The following simulation results agree with the expected behavior from the above 
calculations.   
4.2.2 Simulation Results 
 To show the stability achieved through employing a transformer in place of an inductor in 
a QVCO, the simulated performance of the T-based QVCO shown in Fig. 4.4(a) is compared to 
an inductor-based QVCO and a cascoded QVCO, shown in Fig. 4.6(a) and Fig. 4.6(b), 
respectively, both  using the same primary tank (𝐿1𝐶1).  Fig. 4.7(a) and Fig. 4.7(b) show how the 
T-based oscillator easily settles into one quadrature oscillation mode while operating in either the 
high or the low frequency T-based state.  It is also observed that, as expected from the above 
calculations, the low-frequency quadrature mode in which 𝑋+ lags 𝑌+,  is enforced in the low-
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Figure 4.6: One core of the simulated a) LC-QVCO and b) cascoded LC-QVCO. 
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(a)
(b)
(c)
(d)
 
Figure 4.7: a) Settling behavior while operating in the T-based a) low-frequency 
state, 𝜔𝑜𝐿 and b) the T-based high-frequency state, 𝜔𝑜𝐻 with Itume/Icore = 1. When 
Itume/Icore = 3, settling behavior is not affected in either c) the low oscillation state or d) 
the high oscillation state. 
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frequency state and the high-frequency quadrature mode, in which 𝑋+  leads 𝑌+, is enforced in the 
high-frequency state.   Furthermore, when the tuning ratio is increased, Fig. 4.7 (c) and Fig. 4.7(d) 
show that the T-based QVCO maintains its stability and shows no noticeable change in behavior.  
The inductor-based oscillator, however, is not able to maintain a single mode of oscillation when 
the tuning current ratio is below 2.  The cascode design is more stable than the inductor-based 
design, but the tuning range reduction can be calculated from the reduced slope in Fig. 4.8(a) to 
be about 6%.  The cascode design is also noticed to provide phase noise performance improvement 
over the inductor-based oscillator for the same tuning and core currents.  This is due to the reduced 
series resistance when there is an increased phase delay in the coupling path as seen in (2-6) and 
hence reduced thermal noise.  Yet, because more current is needed to tune up to the same 
oscillation frequency, the phase noise performance ends up to be comparable to the non-cascoded 
case at the same oscillation frequency (e.g. 5 GHz).   
 
(a) (b)  
Figure 4.8: a) Simulated tuning range and b) phase noise at 1 MHz offset for an inductor-
based, cascoded, and T-based QVCO. 𝐼𝑐𝑜𝑟𝑒 = 3 mA in the T-based high-state oscillation and 
𝐼𝑐𝑜𝑟𝑒 = 2 mA otherwise. 
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 As for the T-based oscillators, in addition to the quadrature mode stability, there exists two 
oscillation states which approximately triple the tuning range as shown in Table 4.1.  Moreover, 
the use of transformers is expected to improve the phase noise performance in the low frequency 
mode as shown in Chapter 3, which is noticeable in Fig. 4.8(b). Although the transformer 
consumes more on chip area than the inductor, the layout is still compact as shown in Fig. 4.5(c).  
The supply voltage used is 1.2V.  The figure of merit (FOM) for the T-based QVCO is calculated 
over the sum of the high band and the low band tuning ranges with the phase noise measured at 1 
MHz offset from the center frequency.  The FOM is calculated using (1-3). 
4.3 Conclusion 
 In conclusion, we have shown that a transformer-based dual-tank can be used to control 
the quadrature bi-modal oscillation problem in LC-QVCOs.  Furthermore, because the 
transformer-based tank will not induce an additional phase delay in the coupling path like previous 
methods in the literature, it will not affect the current tuning capabilities of the quadrature 
architecture.  Adding this to the fact that T-based oscillators naturally have two controllable states 
of oscillation gives the possibility of further expanding the tuning range of QVCOs.  SpectreRF 
was used to show the possibility of combining dual-state and inductive tuning in T-based QVCOs 
to achieve a stable QVCO with an extended tuning range and a higher FOM than L-based QVCO.   
 
TABLE 4.1 
SIMULATIONS RESULTS COMPARING A T-BASED, SIMPLE L-BASED, AND A CASCODED L-
BASED QVCO.  
 Tun. Range (MHz)  Power (mW) FOM (dB) 
T-Based QVCO 700 9.6 − 21.6 −20.6 to 0.75 
L-Based QVCO 190 14.4 − 19.2 −32.9 to − 27.4 
Cascoded QVCO 200 9.6 − 19.2 −29.5 to − 17.9 
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CHAPTER 5: CONCLUSIONS 
5.1 Contributions 
 This dissertation analyzes two popular techniques that are commonly used to expand the 
tuning range of quadrature oscillators, inductive current tuning and transformer-based tanks.  Ways 
and methodologies to improve the FOM up to 6 dB in each technique are explored and compared 
to existing implementations. Additional possible advantages of transformer-based tanks in 
quadrature oscillators are also investigated and fully analyzed. 
 Inductive tuning was shown in the literature to be effective in adding extra tuning range to 
the QVCO.  This research explores three different ways to couple the tuning current into the 
oscillation tank, magnetic coupling, direct coupling, and the newly proposed partial coupling.  
Magnetic coupling and direct coupling proved to achieve very close figures of merit while the 
proposed partial coupling achieved higher FOMs due to is lower phase noise.  Nevertheless, partial 
coupling has the disadvantage of limiting the tuning range of inductive tuning due to its increased 
power consumption, so it might not be appropriate for all applications. 
 The other wide tuning approach that was thoroughly investigated in this research is 
transformer-based oscillators.  T-based oscillators were shown to have an open loop quality factor 
that is different from the traditional quality factor.  The open loop quality factor is an alternative 
and equivalent definition of the traditional quality factor in L-based oscillators. In T-based 
oscillators, the fact that both quality factors have different values is shown to have consequences 
on phase noise performance.  A full analysis of phase noise in T-based dual-tank oscillators is 
presented and a new ISF is derived.  Simulations showing the possibility of achieving phase noise 
improvement using different common transformer’s topologies are performed. The oscillator 
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utilizing the inter-wound transformer provided a noticeable lower phase noise than oscillators 
utilizing other transformer’s topologies or an inductor.  
Finally an oscillator was implemented in a commercially available 130 nm technology to 
demonstrate how the knowledge of the two quality factors and their effect on phase noise can be 
used to optimize performance in dual-mode T-based oscillators.  By varying the two tanks’ 
capacitances relative to each other, an improvement of up to 5dB in phase noise performance was 
accomplished. 
 An additional advantage of transformers in QVCOs is the improved quadrature mode 
stability.  An analysis of the quadrature mode stability problem in LC-QVCO is presented.  An 
example of an inductively tuned T-based QVCO is compared to two inductively tuned L-based 
QVCOs in terms of stability and figure of merit.  The inductively tuned T-based QVCOs show an 
improved stability and a much higher FOM than inductor-based oscillators.   
5.2 Future Work 
 Although transformers are the most popular form of coupled inductors currently being 
utilized in oscillators, with the advance of technology, more than two coupled inductors are 
becoming more feasible.  The above analysis could be extended to three or more coupled inductors 
and hence provide insights into achieving better wide tuning range oscillators for cognitive radio 
applications and others.  
 Transformers are currently being utilized in other components of the transceivers such as 
the low noise amplifier and the power amplifier.  Quality factors analysis can be used to optimize 
the performance of such components so the transformer-based tank filtering power is optimally 
utilized.   
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 The phase noise analysis above focuses on the 1/f2 region of the phase noise primarily 
caused by thermal noise sources.  The expressions regarding flicker noise upconversion and other 
areas and sources of phase noise in T-based oscillators need further investigation.   The derived 
ISF function should facilitate the derivations of the new T-based specific phase noise expressions.        
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